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SYNOPSIS 

^  The  basic  data  on  the  flow  stress  of  metals  and  alloys  are  of  vital  importance  to  the  practical 
plastic  working  operation,  While  many  measurements  have  been  made  at  room  temperature,  there 
exist,  apart  from  those  on  common  steels,  remarkably  few  number  of  thorough  data  for  the  hot  working 
temperature  range,  because  the  flow  stress  there  is  influenced  not  only  by  strain  and  temperature 
but  also  by  strain  rate,  and  consequently  the  determination  of  the  flow  stress  becomes  prohibitively 
difficult.  ‘ 

For  this  reason,  the  authors  have  developed  compression  type  of  high  temperature-high  speed 
testing  machines  specially  suited  for  flow  stress  measurement,  i.  e.,  a  cam-plastometer  and  a  drop" 
hammer  type,  and  by  overcoming  several  difficulties  involved  in  this  kind  of  experiment,  measured 
the  flow  stress  of  widely  used  materials  (twenty-one  non-ferrous  metals  and  alloys  and  forty-nine 
steels)  in  the  hot  working  temperature  range  of  each  material  and  in  the  strain  rate  range  0. 1-650  sec"1. 

The  results  of  the  experiments  that  had  extended  over  the  period  between  1951  and  1966  have 
been  presented  in  the  form  of  data  sheet,  and  a  discussion  on  the  behavior  of  the  flow  stress  thus 
obtained  has  been  given. 

In  Part  1,  a  description  has  been  given  of  each  of  the  testing  machines,  and  several  technical 
aspects  of  the  experiment  such  as  the  methods  for  maintaining  a  constant  strain  rate  and  measuring 
load  and  strain  in  a  high  speed  experiment,  the  effects  of  oxidation,  dimensions,  directionality,  and 
temperature  changes,  of  the  specimen,  the  effect  of  friction  at  the  contact  surface,  etc.  have  also  been 

discussed.  X, 

In  Part  2,  the  flow  stress  of  non-ferrous  metals  and  alloys  in  ordinary  use,  obtained  in  the  strain 
rate  range  0.1-650  sec"1  Jgd  y?  tcUfie  strain  of  0.8,  has  been  disused.  The  temperature  range 
explored  is  -75  to  650°C  for  aluminium,  200  to  500°C  for  duralumin^  -75  to  300°C  for  zinc,  18  to 
Met  5QQ°C  for  magnesium,  and  18  to  900^C  for  titanium,  copper  and  its  alloys. 
v  jn  general,  the  flow  stress  of  these  materials  decreases  with  increasing  temperature  and  increases 

with  increasing  strain  rate.  It  has  been  ascertained  that  an  Arrhenius  type  of  equation  holds  be¬ 
tween  the  flow  stress  and  absolute  temperature  and  that  the  flow  stress  is  proportional  to  a  power 
of  strain  rate.  However,  when  plastic  deformation  is  accompanied  by  precipitation,  phase  changes, 
recrystallization,  etc.,  the  flow  stress  changes  in  a  complex  manner  with  temperature,  strain,  and  strain 
rate:  the  flow  stress  versus  temperature  curves  for  copper-tin  and  copper-zinc  alloys  exhibit  a  stress- 
peak,  and  there  exists  a  temperature  region  in  which  the  flow  stress  increases  with  increasing  tem¬ 
perature.  SS  •  -  i-  -'j 

^  In  Part  3,  the  flow  stress  of  carbon,  high  strength,  low  alloy,  and  staiiggp  steels;  measured  in  the 
strain  rate  range  0. 2-650  sec-1  and  in  the  temperature  range  800-1200°C/has  been  discussed.  In 
particular,  in  the  case  of  0. 15%  carbon  and  18%  Cr-8%  Ni  ^stpnless  steels  which  were  considered 
representative  of  the  above  steels,  the  temperature  range  has  been  extended  to  0-1200°C. 

Under  normal  conditions,  the  flow  stress  of  these  steels  also  obey  an  Arrhenius  equation  and  a 
strain  rate-power  law.  Likewise  the  flow  stress  is  influenced  by  many  other  factors :  the  flow  stress- 
temperature  curve  for  a  0.  15%  carbon  steel  exhibits  three  stress  peaks ;  one  due  to  ageing  between 
200  and  400°C,  one  due  to  a  phase  change  around  800°C,  and  the  other  of  an  unknown  origin  around 


1000°C-  J  '  ' 

In  Part  4,  to  facilitate  application,  all  the  experimental  results  have  been  summarized  m  the  form 

of  stress-strain  curves  with  temperature  and  strain  rate  as  parameters^  J 
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INTRODUCTION 

The  flow  stress  of  metals  and  alloys  is  a  vitally  important  factor  controlling  the  working 
force  during  plastic  deformation,  and  its  knowledge  is  very  useful  in  that 

(1)  compared  with  the  conventional  criterion  based  on  mere  experience,  a  reasonable 
working  schedule  can  be  set  up,  such  as  the  determination  of  reduction  per  pass,  working 
speed  and  temperature  of,  say,  a  rolling  process,  consequently  enabling  enhanced  production 
and  reduced  cost. 

(2)  plastic  deformation  efficiency  can  be  determined,  and  room  for  improvement  will  be 
located. 

(3)  damage  to  tools  can  be  prevented  by  the  knowledge  of  the  necessary  working  force 

and  the  load  limit  the  tools  can  withstand.  In  addition  a  prediction  can  be  made  on  the 

degree  of  abrasion  of  tools. 

(4)  design  and  performance  data  of  tools  and  various  types  of  equipment  can  be  obtained. 

*  These  account  for  only  part  of  the  benefits  arising  from  the  knowledge  of  the  flow  stress. 

In  general,  the  flow  stress  of  metals  and  alloys  depends  not  only  on  the  properties  of  the 

materials  themselves  such  as  quality  and  thermal  history,  but  also  on  the  conditions  under 
which  deformation  takes  place,  such  as  environment,  stress  distribution,  strain  rate,  and 
temperature. 

The  flow  stress  at  room  temperature,  especially  at  low  strain  rates  of  the  order  of 
10"  3  sec  a,  has  been  extensively  studied  for  most  metals  and  alloys.  Except  in  a  few  cases 
such  as  lead  in  which  recrystallization  proceeds  at  room  temperature,  the  influence  of  strain 
rate  on  the  flow  stress  at  low  temperatures  is  so  small  that  an  extrapolation  of  low  strain  rate 
data  can  be  made  to  high  strain  rates. 

At  high  temperatures,  however,  the  flow  stress  is  influenced  by  a  competition  between  two 
mutually  opposing  tendencies,  i.  e.,  work  hardening  due  to  deformation  and  softening  due  to 
recrystallization.  Thus  the  behavior  of  the  flow  stress  is  dependent  on  a  combination  of  strain 
rate  and  temperature,  and  it  is  impossible  to  isolate  the  effect  of  one  from  that  of  the  other. 
Moreover,  temperature-enhanced  phenomena  such  as  diffusion,  precipitation,  and  phase  changes 
all  contribute  to  strain  rate  sensitivity  in  a  complex  manner  and  add  various  features  to  the  be¬ 
havior  of  the  flow  stress.  Consequently  the  flow  stress  at  high  temperatures  canrtot  be  estimated 
from  those  measured  for  different  materials  and/or  working  conditions,  but  must  be  measured 
under  the  actual  conditions  of  interest. 

In  order  for  the  measured  flow  stress  to  serve  as  useful  data  for  practical  applications, 
it  must  satisfy  the  following  requirements : 

(1)  it  should  be  reported  as  a  true  flow  stress.  In  this  connection,  one  must  distinguish 
between  an  apparent  flow  stress  and  a  true  flow  stress.  The  former  is  an  apparent  flow  stress 
which  containes  several  other  contributions  such  as  frictions  between  the  tools  and  the  specimen, 
internal,  losses  due  to  stress  other  the  true  stresses  under  consideration,  etc.,  while  the  latter 
is  the  uniaxial  yielding  stress,  the  kind  treated  in  the  theory  of  plasticity.  In  other  words, 
an  apparent  flow  stress  applies  only  under  a  given  condition  and  for  a  given  process, 
where-as  a  true  stress  can  be  applied  to  the  general  mode  of  plastic  working  processes. 

(2)  strain  rate  should  remain  constant  during  the  flow  stress  measurement.  This  condition 
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is  not  met  in  practice.  To  take  an  example  from  a  rolling  process  again,  the  strain  rate  be¬ 
comes  maximal  at  the  entrance  to  the  roll  or  in  its  vicinity,  begins  to  decrease  along  the  roll 
bite,  and  finally  becomes  zero  at  the  outlet.  Similarly  in  drawing  and  forging  processes,  the 
strain  rate  changes  at  various  stages  of  deformation.  . 

In  taking  measurements,  it  would,  therefore,  be  desirable  to  reproduce  these  variations  in 
strain  rate  that  are  characteristic  of  each  working  method.  However,  the  dependence  of  strain 
rate  on  the  working  method  and  condition  is  so  complicated  that  it  is  impossible  to  cover  all 
the  cases  of  practical  interest.  For  this  reason,  the  common  procedure  of  applying  the  experi¬ 
mental  results  to  practice  is  to  introduce  an  average  strain  rate  for  a  given  process  and  adopt 
the  experimental  flow  stress  measured  a  a  strain  rate  equal  to  this  average. 

(3)  the  range  of  strain  must  be  wide  enough  to  cover  the  range  which  is  encountere 
in  the  actual  working  process.  With  a  few  exceptional  cases  such  as  extrusion  in  which 
reduction  per  stroke  is  extremely  large,  the  actual  strain  does  not  exceed  50%.  Measurements 

should,  therefore,  be  made  at  least  to  this  limit. 

(4)  the  strain  rate  and  temperature  of  experiment  should  be  systematically  varied  over 
the  range  of  practical  interest.  If  they  differ  appreciably  from  those  existing  under  the  actual 
operation,  no  realistic  interpolation  can  be  made  of  the  data  to  the  domain  of  actual  working 

conditions.  , 

Very  few  previous  investigations  satisfy  all  four  of  these  requirements.  To  the  author  s 

knowledge,  only  five  complete  cases  may  be  cited. 

In  1955  Inoue0-13  measured  the  flow  stress  of  fifteen  steels  (from  low  carbon  steels  to 
stainless  steels)  in  the  temperature  range  800-1200°C  and  in  the  strain  rate  range  1-10  sec  , 
using  two  types  of  tensile  testing  machine.  The  flow  stress-strain  curves  were  determined 
in  which  the  maximum  strain  realized  was  0.25,  and  a  general  relation  between  flow  stress, 
strain  rate,  and  temperature  was  established  for  the  conditions  of  practical  interest. 

In  1954  Alder  and  Phillips'1"25  measured  the  flow  stress  of  aluminium  (temperature  range  : 
-190  to  550°C),  copper  (18  to  900°C),  and  0.17%  carbon  steel  (930  to  1200°C)  in  the  strain 
rate  range  1-40  sec-1  and  up  to  a  strain  of  0.  5  using  a  cam-plastometer. 

In  1957  measurements  were  taken  by  Cook'1'35  on  twelve  steels  in  the  strain  rate  range 
1-100  sec-1  and  in  the  temperature  range  900-1200°C  and  up  to  a  strain  of  0.  5.. 

In  1959-60  Arnold  and  Parker0-0  determined  the  flow  stress  of  aluminium  and  five 
aluminium  alloys  at  temperatures  between  300  to  550°C  and  at  the  strain  rates  1,  10,  20  and 
30  sec-1  by  means  of  a  cam-plastometer. 

In  1963-64  Bailey  and  Singer0-55  carried  out  plane  strain  compression  tests  and  obtained 
flow  stress-strain  curves  for  several  non-ferrous  metals  and  alloys,  at  various  temperatures  (A1 : 
22-600°C,  Al-5.  7%  Zn  alloy:  400-550°C,  Al-4.  2%  Cu  alloy:  300-500°C  and  Pb  :  22-300°C), 
with  strain  rates  being  chosen  from  0.4,  2,  9,  41,  101,  203  and  311  sec  . 

In  all  of  these  measurements,  interest  was  restricted  to  only  a  few  kinds  of  materials, 
i.  e.,  mainly  steels,  and  many  materials  of  industrial  importance  including  non-ferrous  metals 
and  alloys  have  received  very  little  attention. 

Since  practically  all  metals  and  alloys  must  undergo  plastic  deformation  in  one  form  or 
another  before  they  become  products,  it  is  of  scientific  as  well  as  industrial  importance  to  collect 
basic  data  on  the  flow  stress  of  widely  used  materials  and  clarify  the  influence  of  temperature 
and  ’strain  rate  upon  the  flow  stress. 

In  the  present  investigation  the  flow  stress  of  commonly  used  materials  including  non- 
ferrous  metals  and  high  alloy  steels  has  been  carefully  measured  as  a  function  of  temperature 
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and  strain  rate,  the  purpose  being  to  provide  fundamental  data  that  may  he  applied  to  the 
actual  plastic  working  operation.  Attempts  have  also  been  made  to  establish  general  relations 
between  flow  stress,  strain  rate  and  temperature.  The  experimental  results  that  will  be 
presented  in  this  paper  have  been  accumulated  in  our  laboratory  since  1951. 


PART  1.  EXPERIMENTAL  APPARATUS  AND  METHOD 

1-1  EXPERIMENTAL  APPARATUS 


1*1«  1  Testing  Machines 

The  data  obtained  will  not  be  of  much  practical  value  unless  the  strain  rates  used  in  the 
measurement  cover  the  range  of  those  enconuntered  in  the  actual  working  operation.  Except 
in  a  few  cases  such  as  a  high  speed-high  energy  process,  most  practical  strain  rates  are  of  the 
order  of  1-500  sec"1.  Even  during  hot  working,  in  which  the  influence  of  strain  rate  is 
large,  the  rates  seldom  exceed  100  sec”1.  Therefore,  most  measurements  were  made  in  the 
range  of  1-100  sec”1  with  the  provision  that  this  range  could  be  extended  to  0. 1-650  sec"1 
when  a  more  extensive  study  of  the  influence  of  strain  rate  and  temperature  was  required. 

Widely  used  material  testing  machines  allow  strain  rates  of  the  order  of  lO^-lO"1  sec”1. 
These  are  too  slow  to  meet  the  requirements  set  down  for  the  present  investigation,  and 
consequently  a  special  type  of  testing  machine  had  to  be  constructed. 

Among  the  conventional  types  of  impact  testing  machine  are  Lueg’sa~6)  drop  hammer  type, 
Charpy’s  or  Izot’s  pendulum  type,  Nadai’s0"75  fly  wheel  type,  pneumatic  or  oil  pressure  type, 
and  explosive  forming  type.  However,  since  no  single  type  can  produce  the  necessary  range 
of  strain  rate  alone,  the  strain  rate  range  was  divided  into  two  parts :  below  100  sec"1,  a 
cam-plastometer  was  used,  and  above  100  sec"1,  a  drop  hammer  type  of  compression  testing 
machine  was  used. 

In  the  following,  a  description  will  be  given  of  each  of  these  two  types  of  testing  machine. 

1*1*  1*1  Cam-plastometer 

This  is  a  special  type  of  compression  testing  machine  designed  by  Orowan0"85  in  1950, 
and  is  capable  of  maintaining  a  constant  strain  rate.  The  cam-plastometer  used  in  the  present 
experiment  is  similar  to  Orowan’s  except  for  a  few  modifications.  Fig.  1*T  is  a  schematic 
diagram  of  this  machine.  The  machine  consists  of  the  frame  and  driving  parts.  The  former 
comprises  a  crosshead,  a  plunger,  and  a  cam,  and  the  latter  a  speed  change  gear,  a  clutch,  and 
an  electric  motor. 

By  combining  a  cam  having  an  included  angle  of  36°  or  72°  with  a  two-step  speed  changer, 
any  strain  rate  in  the  range  of  0. 1-100  sec"1  can  be  produced. 

The  main  features  of  this  machine  are  as  follows : 


Maximum  capacity 
Strain  rate 

Maximum  strain 
Specimen 


15  tons 

0. 1-100  sec"1.  Stepless  speed  change. 

Constant  strain  rate. 

0.  8  in  natural  strain  (0.  5  in  conventional  strain) 
12  mm  diaX  l8mm  height  and  8x12. 


For  high  temperature  measurements,  the  specimens  were  compressed  in  a  sub-press  which 
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Fig.  1-1.  Cam-plastometer  for  the  Flow  Stress  Measurement.  Strain  Kate  Range:  0.1~100sec- 


is  made  of  heat-resistant  alloys  such  as  S-816,  Inconel,  and  25%  Cr  20%  Ni  steel  so  as  to 
minimize  heat  losses  (Fig.  1*2). 

1. 1-1*2  Drop-Hammer  Type  of  Impact  Testing  Machine 

This  machine  is  a  compression  type  in  which  the  energy  for  compression  is  generated  by 
the  free  drop  of  a  hammer.  Fig.  1*3  is  a  schematic  diagram  of  this  machine.  The  main 
features  are : 


Height  of  the  machine 

Effective  distance  of  drop 

Hammer 

Anvil 

Specimen 


9  m 
8  m 

25  and  50  kg 
3.  5  tons 

12mmdiaXl8mm  height  and  15x22.5 
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Weight  of  Hammer  25,  50  kg,  Maximum 
Strain  rate  700  seer1. 

M-l-S  Characteristics  of  the  Testing  Machines  used 

Among  the  many  requirements  for  an  ordinary  type  of  testing  machine,  the  most 
important  for  flow  stress  measurement  is  the  constancy  of  strain  rate.  This  point  will  be 
discussed  for  each  of  the  machines  used. 

a.  cam-plastometer 

It  is  a  device  for  producing  a  constant  strain  rate.  For  its  proper  performance,  the 
compression  stroke  prescribed  by  the  cam  must  be  exactly  followed.  In  this  connection  the 
following  three  defects  need  be  eliminated. 

1)  The  compression  load  can  cause  loosening  of  and  elastic  deformation  in  the  components 
of  the  machine. 

2)  Insufficient  flywheel  energy  gives  rise  to  a  variation  in  the  angular  speed  of  the  cam 
at  the  compression  stage. 

3)  At  the  initial  moment  of  compression,  the  impact  load  springs  the  plunger  and  con¬ 
sequently  the  cam  curve  cannot  be  accurately  followed  for  lack  of  contact  between  the  cam 
and  the  plunger. 
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Fig.  1*4  is  the  measured  interval  change  between  the  two  compression  plates  as  a  func¬ 
tion  of  the  load  that  was  applied  to  the  plates  by  means  of  an  oil  jack.  The  displacement 
amounts  to  0.084  mm  for  a  15  ton  load,  corresponding  to  0,7%  strain  for  the  smaller  speci- 
men.  Unless  the  test  material  is  extremely 
hard,  the  contribution  from  1)  can  safely  be 
neglected.  Moreover,  though  the  compression 
plate  interval  in  this  case  was  taken  to  be  as 
large  as  360  mm,  necessitating  installation  of 
the  oil  jack,  this  interval  does  not  exceed 
65  mm  in  actual  flow  stress  measurements. 

Accordingly  the  elastic  deformation  is  expected 
to  be  sufficiently  small  and  not  a  serious 
problem. 

For  the  estimation  of  the  contributions 
form  2)  and  3),  compression  tests  were  carried 
out  in  which  specimen  of  aluminium,  copper, 
and  5%  Cr  steel  were  strained  at  the  strain 
rates  of  0. 13  and  100  sec"1.  The  maximum 
load  applied  were  4,  13  and  25  tons  for  aluminium,  copper,  and  5%  Cr  steel,  respectively. 
For  the  aluminium  and  copper  specimens  the  strain  rate  remained  constant :  the  5%  Cr  steel 
specimen,  on  the  other  hand,  exhibited  an  appreciable  change  in  strain  rate  when  the  load 
exceeded  13  tons.  Since  the  present  experiment  was  designed  for  the  maximum  load  of  10 
tons  and  the  maximum  load  of  25  tons  used  in  the  case  of  5%  Cr  steel  was  well  beyond 


Fig.  1*4  Displacement  Between  the  Compression 
Plates  of  the  Cam-Plastometer,  Maxi¬ 
mum  Displacement :  0. 084  mm  for  a  15 
tons  Load. 


the  limit  of  the  testing  machine  15  tons,  it 
was  concluded  that  corrections  for  2)  and  3) 
were  unnecessary. 

b.  drop  hammer  type  of  testing  machine 
With  this  type  of  testing  machine  it  is 
a  known  fact  that  the  strain  rate  does  not 
stay  constant  during  the  whole  stage  of  de¬ 
formation.  That  is,  the  strain  rate  changes 


(b) 


Fig.  1*5  (a),  1*5  (b)  Strain  Rate-Strain  Relation,  (a)  with  Weight  of  Hammer  as  a  Parameter,  (b)  with 
Height  of  Fall  as  a  Parameter. 


9 


148  REPORT  OF  THE  INSTITUTE  OF  INDUSTRIAL  SCIENCE,  THE  UNIVERSITY  OF  TOKYO 

from  a  maximum  at  the  moment  of  impact  to  zero  when  deformation  ceases. 

It  is  possible,  however,  to  produce  a  constant  strain  rate  at  least  in  some  region  of  strain. 
Fig.  1  *  5  (a)  shows  how  the  strain  rate  changes  with  the  weight  of  hammer,  the  distance  of  fall 
being  constant.  When  the  hammer  weight  is  small  (Wi),  the  strain  rate  begins  to  decrease 
in  the  early  stages  of  deformation,  and  as  the  hammer  weight  increases  (Wi  to  W2),  the 
region  of  constant  strain  rate  also  increases.  When  the  hammer  weight  exceeds  a  certain 
critical  value  (W2),  the  strain  rate  goes  through  a  maximum  which  is  larger  than  the  initial 
value,  and  no  relatively  constant  strain  rate  region  exists  any  longer.  The  critical  values  for 
the  total  strain  and  the  strain  region  for  constant  strain  rate  were  approximately  0.  7  to  0.  8 
and  0  to  0.  35  or  0. 4,  respectively. 

Lueg  et  al  also  observed  the  existence  of  such  a  constant  strain  rate  region  and  reported 
its  magnitude  to  be  0-0.  35  which  is  in  good  agreement  with  the  present  result. 


1*1*2  Measuring  Instruments 

In  determining  the  flow  stress,  three 
quantities  must  be  continuously  known :  the 
applied  load,  the  amount  of  deformation,  and 
the  time.  The  short  time  involved  in  the  case 
of  a  high  strain  rate  experiment  demands  the 
use  of  electronic  or  optical  sensing  instruments 
and  not  mechanical  ones. 

Fig.  1*6  shows  the  arrangement  of  the 
measuring  instruments  used  in  the  present 
experiment.  A  capacitor  strainmeter  was  used 
for  the  measuring  of  load.  For  the  measure¬ 
ment  of  strain,  a  photo-electric  tube  was  used 
with  the  drop  hammer  type  of  testing  machine, 
and  a  capacitor  strainmeter  similar  to  the  one 
for  load  measurement  was  used  with  the 
cam-plastometer.  The  time  was  measured  by 
means  of  the  intensity  modulation  of  a 
cathode-ray  tube.  • 

All  the  above  three  quantities  were  DC 
amplified  and  fed  into  an  oscilloscope  and 
recorded  by  a  35  mm  camera. 
l*i*2*l  Load  Measuring  Instrument 

As  mentioned  above,  a  capacitor  strain¬ 
meter  was  used  for  this  purpose.  This  has  a 
high  sensitivity  and  the  error  arising  from  the 
deformation  at  the  sensing  part  can  be  practi¬ 
cally  eliminated  by  increasing  the  rigidity  there. 

Fig.  1*7  shows  the  load  measuring  instru¬ 
ment  used  in  conjunction  with  the  drop  ham¬ 
mer  type  of  testing  machine.  The  detector 
forms  part  of  the  specimen  holder  and  has 
two  electrode  plates  mounted  on  the  inside. 


Camera 


Load  Time  Strain 

Measurement  Sweep  Circuit  Measurement  Measurement 

Circuit  Circuit  Circuit 


Fig.  1*6  Arrangement  of  the  Measuring  Instruments. 


Fig.  1*7  Apparatus  for  Load  Measurement. 
(Drop-Hammer) 
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Upon  application  of  a  force  to  the  specimen,  the  decrease  of  the  electrode  separation  results 
in  a  change  in  capacity,  which  is  transmitted  on  a  3  Me  carrier  and  finally  FM  detected. 

The  greatest  difficulty  encountered  during  measurement  is  the  vibration  which  shows  up 
on  the  recorder  and  is  primarily  due  to  the  mechanical  vibration  of  the  load  measuring 
instrument.  To  avoid  this  the  natural-frequency  of  the  detector  must  be  sufficiently  high. 
Therefore,  the  part  of  the  specimen  holder  that  was  likely  to  be  the  source  of  vibration  was 
made  rigid  by  an  epoxy  resin. 

The  electrode  chamber  was  sealed  to  avoid  any  change  of  sensitivity  due  to  oxidation  of 
the  electrodes. 

The  upper  part  of  the  specimen  holder  was  water  cooled  to  minimize  thermal  expansion 
at  the  electrode  gap  either  due  to  ambient  temperature  changes  or  due  to  heat  coming  from 
the  specimen. 

The  load  measuring  instrument  of  the  cam-plastometer  is  shown  in  Fig.  1*8,  the  principle 
of  which  is  the  same  as  that  for  the  drop  hammer  type  of  testing  machine. 


Fgi.  1*8  Apparatus  for  Load  Measurement.  Fig.  1-9  Characteristic  of  the  Capacitor 

(Cam-Plastometer)  Strainmeter. 


Fig.  1*9  represents  the  characteristics  of  the  capacitor  strainmeter,  i.  e.,  the  output  cur- 
Tent  as  a  function  of  the  capacitance  of  a  standard  placed  at  the  position  of  the  detector.  In 
.actual  measurement  of  the  flow  stress  the  linear  region  between  the  capacitance  change  and 
the  current  was  used. 

The  effect  of  ambient  temperature  changes  on  the  sensitivity  of  the  strainmeter  was 
investigated  in  the  temperature  range  of  5-30°C.  There  was  a  shift  of  zero  point  observed 
hut  no  change  in  the  sensitivity. 

1*1*2 *2  Strain  Measuring  Instrument 

In  the  case  of  a  drop  hammer  type  of  testing  machine,  strain  was  indirectly  determined 
from  the  displacement  of  the  hammer,  assuming  that  the  hammer  was  always  in  contact  with 
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the  specimen  during  the  deformation  stage.  A  schematic  diagram  is  shown  in  Fig.  MO,  in 
which  the  light  from  a  source  lamp  passes  through  a  first  lens  to  produce  a  parallel  bundle, 
travels  through  a  slit  and  a  hammer  slit,  where  it  is  subsequently  collected  by  a  second  lens 
and  finally  enters  a  photo-electric  tube.  The  displacement  of  the  hammer  gives  rise  to  a 
change  in  the  amount  of  light  reaching  the  photo-electric  tube. 


Fig.  1-10  Apparatus  for  Strain  Measurement.  Fig.  1-11  Apparatus  for  Compression  Strain 

(Drop-Hammer)  Measurement. 


,  ,  “S‘ng  a  Photo-electric  tube,  correction  must  be  made  for  luminous  intensity  changes 

both  before  and  after  a  measurement  so  as  to  eliminate  the  effect  of  long-term  drift. 

Because  of  these  difficulties  associated  with  the  use  of  a  photo-electric  tube,  a  capacitor 
strammeter  was  used  for  the  case  of  a  cam-plastometer  experiment  in  which  the  strain  rate 

Displacement 


in  Fig.  1*11. 

1*1  *2-3  Time  Signal 

The  intensity  modulation  of  an  oscillo¬ 
scope  was  used  as  the  time  signal.  A  sine 
wave  generated  by  a  quartz  oscillator  was 
transformed  to  a  square  wave,  and  this  was 
fed  to  the  first  grid  of  a  cathode  ray  tube. 

1“>  5-,  and  10  kc  quartz  oscillators  were 
used  according  to  the  magnitude  of  strain  rate 
to  be  measured. 

1* 1*2*4  Recorder 

Recording  of  the  wave  form  on  a  5" 
cathod  ray  tube  screen  was  made  on  35  mm 
X-ray  films.  Examples  are  shown  in  Fig.  1*12 
in  which  the  compression  load  and  displacement 
were  fed  into  the  Yi  and  Y2  deflection  plates. 


Fig.  1*12  Load  &  Displacement-'fime  Curve. 

Testing  Machine . Drop-Hammer 

Specimen  . 0. 12%  C,  Steel 

Hammer  Weight . 25  kg 

Height  of  Fall .  . 1  m 

X  Axis  . Time 

Yi  Axis  . Load 

Y,  Axis  . Displacement 


1-2  EXPERIMENTAL  CONDITIONS 


1-2-1  Heating  of  the  Specimen  and  Temperature  drops  During  Measurements 

For  the  high  temperature  measurements,  the  specimens  were  heated  in  a  furnace  main¬ 
tained  at  the  test  temperature  for  a  given  length  of  time.  The  holding  time  must  be  as  short 
as  possible  to  avoid  oxidation  but  still  long  enough  for  there  to  be  no  temperature  gradient 
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along  the  specimen.  The  optimum  holding  time  was  experimentally  determined. 

Allowance  had  to  be  made  for  the  temperature  drop  that  occurs  when  the  specimen  is 
removed  from  the  furnace  and  placed  on  the  anvil  for  a  compression-  test. 


1-2- 1*1  Heating  of  the  Specimen 

As  a  rapid  heating  method,  high  frequency  induction  or  self-heating  by  means  of  a  large 
current  was  available.  However,  both  of  these  methods  make  it  difficult  to  determine  the 
specimen  temperature  and  structural  changes  within  the  specimen  may  occur. 

As  Bickwedea“9!)  states  “  the  growth  of  crystal  nuclei  is  more  dependent  on  the  heating 
rate  than  on  the  holding  time”,  different  heating  methods  were  liable  to  yield  different 
results.  It  was,  therefore,  decided  that  the  heating  conditions  should  be  similar  to  those 
actually  encountered  in  practice  which  is  to  heat  specimens  in  a  furnace. 


To  determine  the  optimum  holding  time, 
the  following  experiment  was  carried  out.  As 
Fig.  1*13  shows,  a  specimen  having  a  thermo¬ 
couple  at  its  center  was  inserted  into  a  fur¬ 
nace  maintained  at  a  given  temperature,  and 
the  temperature  of  the  specimen  was  follow¬ 
ed  as  a  function  of  time.  18%  Cr-8%  Ni 
stainless  steel  was  used  as  a  specimen  because 
it  had  the  lowest  heat  conductivity  among  the 
materials  used  in  the  present  experiments. 


Cam-Plastometer  Drop-Hammer 
Fig.  1-13  Arrangement  for  Temperature  Rise 
Measurement  in  the  Furnace. 


Time 

Fig.  1*14  Results  for  the  Arrangement  in 
Fig.  1.13. 


The  results  are  shown  in  Fig.  1-14.  The  specimen  reaches  the  furnace  temperature  in  35  or 
15  min  depending  on  whether  the  specimen  is  held  in  a  sub-press  or  not.  From  these  results 
the  corresponding  times  in  actual  flow  stress  measurements  were  taken  to  be  40  and  20  min, 
respectively. 

For  low  temperature  measurements,  specimens  were  cooled  in  iced  water  (0°C)  and  in  a 
mixture  of  dry  ice  and  ethyl  alcohol  (  — 75°C). 

The  direct  cooling  allows  a  shorter  immersion  time,  but  since  there  is  no  possibility  of 
oxidation  and  or  structural  changes  at  low  temperatures,  the  same  holding  times  as  used  in 
high  temperature  measurements  were  employed. 

1  *2*1*2  Temperature  Drop 

The  decrease  in  the  temperature  of  the  specimen  during  measurements  takes  place  in 
two  stages : 

(1)  during  the  mounting  of  the  specimen  on  the  anvil, 

(2)  during  compression. 
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Since  the  contribution  from  (2)  was  considered  to  be  larger  than  that  from  (1),  measure¬ 
ments  were  taken  on  (2)  only. 

The  exprimental  method  and  results  are  shown  in  Figs.  1*15  and, 16.  A  thermo-couple  was 
attached  closely  to  the  lower  surface  of  the  specimen  where  the  temperature  drop  was  expected 
to  be  the  largest.  With  the  use  of  a  sub-press,  and  at  the  holding  temperature  1200°C,  the 


temperature  drop  was  nil  for  the  first  5  sec 
and  20  deg  for  the  first  10  sec.  The  maxi¬ 
mum  time  necessary  for  one  run  at  the  lowest 
strain  rate  is  7  sec  after  removing  the  speci¬ 
men'  from  the  furnace,  during  which  the 
maximum  temperature  drop  is  estimated  to 
be  8  deg.  At  test  temperatures  below  1200°C, 
the  temperature  drop  is  expected  smaller. 


Fig.  1-15  Arrangement  for  Temperature  Drop 
Measurement  on  the  Anvil. 


Fig.  1*16  Results  for  the  Arrangement  in 
Fig.  1-15. 


In  case  of  drop  hammer  measurements  in  which  a  sub-press  could  not  be  used,  temperature 
drop  was  minimized  by  wrapping  the  specimen  triply  in  asbestos  and  placing  glass  ribbons 
between  the  contact  surface  of  the  anvil  and  the  specimen.  Measurements  under  these  con¬ 
ditions  showed  a  larger  temperature  drop  than  for  the  cam-plastometer  measurements.  However, 
a  shorter  time  of  measurement  3  sec  compensated  for  this,  yielding  a  maximum  of  a  10  deg 
drop  during  one  run. 


1*2 *1*3  Oxidation  of  the  Specimen 

Since  no  special  care  was  taken  to  avoid  oxidation  during  heating,  there  was  the  possi¬ 
bility  of  the  specimen  reducing  the  effective  volume  and  altering  its  coefficient  of  friction  at 
the  contact  surface. 

According  to  the  results  of  a  preliminary  experiment,  zinc,  aluminium,  and  stainless  steel 
showed  no  appreciable  sign  of  oxidation,  while  common  steels  and  Cu-base  alloys  were  easily 
oxidized.  For  a  quantitative  test,  the  latter  two  alloys  were' further  heated  at  the  maximum 
temperatures  of  1200  and  800°C  respectively,  and  the  degree  of  oxidation  was  investigated. 

For  the  purpose  of  lubrication,  specimens  for  flow  stress  measurements  were  coated  with 
glass  powder  which  serves  also  as  an  oxidation  inhibitor.  To  include  this  contribution,  the 
above  specimens  were  treated  in  the  same  way. 

The  results  are  shown  in  Table  1*1,  in  which  the  degree  of  oxidation  is  expressed  by 
the  weight  of  the  scale  removed  by  a  sand  paper  from  the  surface  of  a  specimen.  It  can  be 
seen  from  this  table  that  the  specimens  heated  in  a  sub-press  are  oxidized  very  little  even 
if  they  are  not  treated :  if  treated,  there  is  practically  no  oxidation. 
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Table  1*1  Oxidation  of  the  Specimen 


Specimen 

Temp. 

Time 

Treatment 

before  Heating 

after  Heating 

Oxidation 

Remark 

99.9%  Cu 

800°C 

40  min 

18. 183  gr 

17.900gr 

0.283 gr 

With  a  Sub-Press 

.  _ 

glass 

18.046 

18.025  . 

0.021 

0. 15%  C-Steel 

1200°C 

40  min 

15.928 

15.792 

0.136 

With  a  Sub-Press 

glass 

15.902 

15.821 

0.079 

0.15%  C-Steel 

1200°C 

20  min 

15. 950 

15.255 

0.695 

With  Asbestos 

glass 

15.924 

15.892 

0.032 

12  tfxl8  h 


1*2*2  Dimensions  of  the  Specimen 

The  limited  capacity  of  the  cam-plastometer  dictated  the  allowable  specimen  dimensions 
according  to  the  strength  of  the  material  being  tested.  Even  for  the  same  material,  a  change 
of  test  temperature,  mode  of  test,  i.  e.,  whether  it  is  compressed  by  a  cam-plastometer  or  by 
a  drop  hammer  type  of  testing  machine  necessitated  dimensional  modifications. 

All  the  specimens  were  similar  in  shape  with  a  height  to  diameter  ratio  of  1.5.  Although 
the  law  of  similarity  is  expected  to  hold,  allowances  must  be  made  for  many  sources  of  un¬ 
certainty  such  as  grain  size  which  is  related  with  the  pile-up  of  dislocations  and  segregation  of 


solute  atoms,  differences  in  temperature  drop, 
etc.  which  may  be  affected  by  specimen  size. 

The  maximum  and  minimum  dimensions 
used  were  15  mm  in  diameter  X  22.  5  mm  in 
height  and  8x12,  respectively,  the  ratio  of 
these  two  volumes  being  6.  5,  for  which  the 
size  effect  is  expected  to  be  small.  The  speci¬ 
mens  were  prepared  mainly  by  metallurgical 
processes  and  machined  at  the  last  stage.  The 
effect  of  segregation  is  expected  also  to  be 
small. 

The  effect  of  temperature  drop  has  heen 
mentioned  previously.  As  a  double  check, 
stress-strain  curves  were  taken  for  two  different 
sizes  of  killed  low  carbon  steel,  at  1000°C  and 
at  the  strain  rates  of  3.  5  sec-1  and  30  sec-1. 
As  Fig.  1*17  shows,  both  specimens  yielded 
practically  the  same  results. 


'kg/mm2 


Fig.  1*17  Effect  of  the  Dimensions  of  the  Specimen 
on  the  Flow  Stress. 


1.2*3  Effect  of  Texture 

Specimens  taken  from  a  rolled  ingot  often  possess  a  preferred  orientation,  which  can  be 
detected  hy  microscopic  examination.  Specimen  were  taken  from  three  kinds  of  steels  Sb  41, 
FTW60  and  HIZ,  each  in  the  direction  of  rolling,  width,  and  thickness,  and  subjected  to 
tests  at  800  to  1200°C,  and  at  the  strain  rate  of  0.  3-10  sec'1.  Part  of  these  results  are  shown 


15 


154  REPORT  OF  THE  INSTITUTE  OF  INDUSTRIAL  SCIENCE,  THE  UNIVERSITY  OF  TOKYO 

in  Fig.  1*18  and  are  considered  to  be  representative. 

It  can  be  seen  there-from  that  the  texture  dependence  is  negligible,  in  agreement  with 
the  general  assertion  that  hot  working  produces  no  texture.  In  view  of  the  accuracy  of  ex¬ 
periment,  it  is  difficult  to  attach  any  significance  to  the  scatters  of  the  data. 


Fig-.  1*18  Effect  of  Texture. 


1*2-4  Friction  at  the  Contact  Surface 


In  compression  tests,  no  accurate  flow  stress  can  be  determined  unless  the  problem  of 
friction  at  the  contact  surfaces  is  properly  dealt  with.  Much  effort  has  been  devoted  to 
this  solution,  among  which  are  Siebel’s0-103  circular  conical  compression  test  piece,  Meyer  and 
Nehl  sc  ^  triple  test  piece,  Siebels  and  Schroeder-Webster’s*-1-12-*  correction  formulas.  In  each 


of  these  cases  the  use  of  a  special  type  of  test  piece  or  the  knowledge  of  coefficients  of  fric¬ 
tion  at  various  temperatures  and  strain  rates  makes  the  determination  of  flow  stress  rather 
difficult. 


In  the  present  experiment  care  was  taken  to  reduce 
the  friction  at  the  contact  surfaces.  The  simplest  and 
most  effective  method  in  use  for  reducing  friction  is  due 
to  Sims(1  13\  as  shown  in  Fig.  1-19  (a).  According  to 
Sims,  the  number  of  and  the  interval  between  grooves  at 
the  contact  surface  are  important  to  the  reduction  of 
friction.  However,  on  account  of  the  trouble  involved  in 
making  0.  02  mm  deep  grooves  at  a  fixed  interval  at  both 
ends  of  a  specimen,  specimens  as  shown  in  Fig.  1-19  (b) 
were  adopted  for  the  present  experiments. 

For  a  quantitative  determination  of  the  effect  of 
friction  on  the  true  flow  stress,  aluminium  specimen 
were  statically  compressed  at  room  temperature,  for  five 


Sims  Present 

(a)  (b) 

Fig.  1-19  (a),  (b)  Device  for  Reducing 
Friction,  (a)  Sims,  (b) Present. 
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different  friction  conditions.  Fig.  1/20  shows  that  the  apparent  flow  stress  increases  with 
increasing  friction. 

The  degree  of  barreling  also  increases  with  increasing  friction.  For  its  quantitative 
description,  it  is  convenient  to  introduce  Ikejima’s(l  14>  barreling  coefficient  which  is  defined  as 

B  =  AA./Atht  AA  —  Am&x  -Ah  (^) 

where  Anax  is  the  maximum  radial  cross-section  of  a  cylindrical  specimen,  and  Ah  is  a 
theoretical  cross-section  for  the  corresponding  strain  with  no  barreling.  Fig.  1*21  gives  the 
relation  between  B  and  strain.  The  B  for  case  (e)  is  very  small  and  is  of  the  order  of  0.01 
for  a  70%  compression.  One  can  take  this  as  an  ideal  case  of  no  friction  and  define  for  each, 
strain  a  stress-deviation  Aojcfa,  where  ffo  is  the  stress  of  the  ideal  case  and  Aa  is  the  difference 
between  ff0  and  the  stress  of  a  non-ideal  case  for  the  corresponding  strain.  Fig.  1-22  gives 
the  relation  between  Aajaa  and  B  for  the  conventional  strain  of  0.5.  Conversely,  given  this 
relation  for  every  strain,  one  can  estimate  the  stress-deviation  from  an  experimental  B. 

Throughout  the  present  experiments,  the  barreling  coefficient  never  exceeded  0.5  %.  Errors 


in  the  measured  flow  stress,  therefore,  are 
estimated  to  be  less  than  0.  3%, 


0.2  0.4  0.6 

Natural  Strain  (e) 


0  0.2  0.4  0.6 


Natural  Strain  (e) 

Fig.  1*21  Relation  Between  the  Barreling  Coefficient 
B  and  Strain  £. 


Fig.  1.20  Effect  of  Friction  at  the  Contact  Surface.  Fig.  1*22  Relation  Between  the  Barreling  Coefficient 

B  and  Compression  Stress-Deviation. 
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1*3  OUTLINE  OF  EXPERIMENTS 

1*3*1  Materials 

The  materials  investigated  were  magnesium,  titanium,  99.99%  zinc  and  three  commercial 
grade '  zinc,  two  different  grades  of  aluminiums  and  duralumin,  99.99  and  99.9%  copper  and 
ten  copper-base  alloys,  ten  carbon  steels,  six  high  strength  steels,  eighteen  low  alloy  steels, 
and  fifteen  stainless  steels,  i.  e.,  seventy  kinds  altogether. 

The  prior  histories  and  chemical  compositions  are  listed  in  Tables  4*1  and  4*2. 

1*3*2  Experimental  Method 

A  cam-plastometer  was  used  for  strain  rates  below  100  sec"-1  and  a  drop-hammer  type  of 
testing  machine  for  strain  rates  above  100  sec-1. 

Below  600°C,  the  specimens  were  heated  in  a  nichrome  furnace  and  above  600°C  in  a 
siliconcarbide  furnace.  Temperature  was  automatically  controlled  to  within  7  deg  above  600°C 
and  3  deg  below  600°C.  Boiling  water,  iced  water,  and  dry  ice  plus  ethyl  alcohol  were  used 
to  obtain  100,  0,  and  —  75°C  respectively. 

Zinc  and  duralumin  specimens  that  were  thermally  treated  were  preserved  in  dry  ice  so 
as  to  suppress  age-hardening.  The  maximum  period  of  preservation  did  not  exceed  60  hours, 
and  efforts  were  made  to  take  measurements  as  soon  after  thermal  treatment,  as  possible. 
Static  compression  tests  indicated  no  difference  between  the  stress- strain  curves  obtained  before 
and  after  preservation. 

In  the  case  of  drop-hammer  experiments,  measurements  were  made  on  three  quantities: 
time,  load,  and  strain.  In  the  case  of  cam-plastometer  experiments,  on  the  other  hand,  -time 
was  not  directly  measured  but  computed  from  the  number  of  revolutions  of  the  flywheel. 

1*3*3  Lubricants 

The  lubricants  used  were  colloidal  graphite  at  temperatures  below  600°C,  lead  glass  between 
600  and  800°C,  and  pyrex  glass  above  1000°C. 

1*3*4  Determination  of  the  Flow  Stress 

Measurements  were  made  of  time  of  deformation,  load  and  strain.  True  stress  was 
computed  from  measured  loads,  assuming  that  the  specimens  were  uniformly  deformed  main¬ 
taining  a  cylindrical  form  and  a  constant  volume. 

In  drop-hammer  experiments,  the  range  in  which  strain  rate  remains  constant  to  the 
accuracy  of  3%  does  not  extend  to  more  than  0.4  in  terms  of  natural  strain.  For  this  reason 
strains  over  0.4  were  not  measured.  •  ■ 

The  degree  of  barreling  was  small  enough  to  regard  the  measured  stress  as  the  flow 
stress  of  the  material,  probably  to  an  accuracy  of  3%.  This  approximation  was  made  in 
analyzing  data. 

Experiements  were  repeated  at  least  three  times  for  one  condition,  and  the  average  values 
were  used  in  the  plotting  of  flow  stress  against  strain. 
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PART  2.  THE  FLOW  STRESS  FOR  NON-FERROUS 
METALS  AND  ALLOYS 

In  this  Part,  the  experimental  results  concerning  the  flow  stress  of  the  non-ferrous  metals 
and  alloys  will  be  discussed. 

2-1  FLOW  STRESS-STRAIN  CURVES 

The  flow  stress-strain  curves  of  non-ferrous  metals  and  alloys  compressed  at  the  strain 
rates  of  0.13  to  650  sec-"1  are  given  in  Figs.  4-1  to  4*21.  The  temperature  range  explored  is 
from  —75  to  650°C  for  aluminium,  200  to  500°C  for  duralumin,  —75  to  300  C  for  zinc,  18 
to  500°C  for  magnesium,  400  to  900°C  for  titanium,  and  18  to  900°C  for  copper  and  its  alloys. 
The  temperatures  shown  in  the  figures  refer  to  those  before  compression,  and  no  correction 
was  made  for  temperature  rise  due  to  plastic  deformation. 

The  experimental  results  concerning  the  face-centered-cubic  metals  (aluminium  in  Figs.  4«1 
and  4< 2,  copper  in  Figs.  4-4  and  4*5)  and  the  hexagonal-close-packed  metals  (zinc  in  Figs.' 
4*16  to  4*19,  magnesium  in  Fig.  4*20,  and  titanium  in  Fig.  4-21)  show  that  the  stress  re¬ 
quired  for  a  given  plastic  strain  increases  with  increasing  -  strain  rate,  and  decreases  with 
increasing  temperature.  Above  room  temperature,  the  flow  stress  changes  in  a  very  complex 
manner  with  strain,  strain  rate,  and  temperature.  For  instance,  stress-strain  curves  do  not 
remain  similar  upon  changing  strain  rate ;  the  curves  obtained  at  and  above  500°C  and  at  the 
strain  rates  of  2.5  and  0.13  sec"1  show  a  stress  maximum  below  0.3  strain  for  tough  pitch 
copper  with  a  further  plastic  deformation  following  at  a  lower  steady  stress.  These  anomalous 
plastic  behaviors  may  be  characterized  as  follows : 

1)  The  stress  peak  seems  to  occur  above  0.  5  Tm  (Tm:  melting  point  in  °K),  and  the 
lowest  critical  temperature  for  the  occurrence  of  such  an  anomaly  decreases  with  increasing 
strain  rate  (Fig.  4*4). 

2)  The  initial  part  of  the  stress-strain  curve  for  non-ferrous  metals  does  not  rise  rapidly 
hut  gradually,  in  contrast  to  the  case  with  mild  steel  at  room  temperature. 

3)  The  strain  at  the  peak  stress  is  by  far  larger  than  in  the  case  of  mild  steel  which 
shows  a  sharp  yielding  point  at  a  small  strain. 

4)  The  magnitude  of  the  maximum  stress  and  its  associated  strain  depends  on  the  tem¬ 
perature  and  strain  rate  selected,  and  this  strain  decreases  with  increasing  temperature  and 
decreasing  strain  rate. 

5)  Work  hardening  occurs  until  the  stress  peak  is  reached,  and  then  plastic  deformation 

proceeds  at  a  lower  stress.  *  - 
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6)  In  some  alloys  the  first  peak  is  .followed  by  a  second  smaller  peak. 

7)  No  heterogeneous  deformation  such  as  Liider’s  bands  has  been  observed. 

In  magnesium  and  zinc,  the  stress-strain  curves  shown  in  Figs.  4*16  and  4«20  are  quite 
different  from  those  for  the  other  metals  and  alloys  investigated  in  that  the  flow  stress  falls 
down  rapidly  as  the  strain  goes  beyond  0.2  or  0.  3. 

In  Cu-Zn  and  Cu-Sn  alloys  the  effect  of  temperature  and  strain  rate  on  the  deformation 
behavior  is  quite  complicated.  The  flow  stress  of  these  alloys  sometimes  increases  with 
increasing  temperature.  Further,  the  peak  stress  for  Cu-Sn  alloys  increases  with  increasing 
concentration  of  the  alloying  element.  The  same  tendency  was  also  observed  to  a  lesser 
degree  in  Cu-Zn  alloys. 

2-2  TEMPERATURE  DEPENDENCE  OF  THE  FLOW  STRESS 

Metallurgically  speaking,  the  plastic  flow  stress  at  high  temperatures  and  low  strain  rates 
is  governed  by  such  processes  as  recovery,  recrystallization,  grain  growth  and  so  on.  The 
experimentally  established  form  for  the  temperature  dependence  of  flow  stress 

0  —  Aexp{B\T)  (1) 

where  A  and  B  are  constants  not  necessarily  independent  of  temperature,  may  then  be 
accounted  for  by  the  fact  that  the  above  processes  are  rate  processes  obeying  and  Arrhenius 
type  of  equation. 

The  stress-strain  curves  of  commercial-purity  aluminium,  copper,  magnesium,  zinc,  and 

titanium  have  been  obtained  by  using  a 
cam-plastometer.  The  effect  of  temperature 
on  the  flow  stress  of  these  metals  is  shown 
in  Fig.  2*1  in  which  anomalies  are  observed, 
at  175-200°C  with  zinc,  200-250°C  with 
aluminium,  400-500°C  with  copper,  200-300°C 
with  magnesium,  and  600-700°C  with  titanium,, 
all  somewhere  around  0.  5  Tm.  There  is  a. 
temperature  independent  region  around  0. 5 
Tm,  above  which  temperature  as  well  as 
strain  rates  affects  the  flow  stress  strongly. 

In  Fig.  2-2  is  shown  the  difference  in. 
flow  stress  between  annealed  and  as-drawn  ■ 
tough  pitch  copper  specimens.  This  difference 
disappears  above  400  to  500°C,  in  accord  with 
the  view  that  the  high  temperature  flow  is 
related  to  some  diffusion-controlled  processes. 

Fig.  2-3  is  the  log  (7  —  1/ T*  curves  for  tough 
pitch  copper.  Of  interest  to  note  is  the  ap¬ 
pearance  of  two  kinks  in  the  curves :  one 
around  0.  5Tm  and  the  other  below  0.  5  Tm. 
The  fact  that  the  kink  at  0.  5  Tm  corresponds 
to  that  in  Fig.  2  •  1  points  to  the  onset  of  a 
diffusion-controlled  mechanism,  since  this  is 
where  the  rate  of  diffusion  begins  to  become: 
appreciable. 


kgAnm2 


Fig.  2»1  Temperature  Dependence  of  the  Flow 
Stress  of  Commercial-Purity  Metals. 
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Natural  Strain  (e) 


Fig.  2-2  Difference  in  Flow  Stress  Between  Annealed 
and  Cold  Worked  Specimens  of  Tough  Pitch 
Copper.  Compressed  at  the  Strain  Rate  of 
2. 5  sec-1. 


Reciprocal  Absolute  Temp.  1/T*X103 


Fig.  2*3  Arrhenius  Plot  of  the  Flow  Stress  of  Tough 
Pitch  Copper. 

It  is  generally  known  that  the  flow  mecha¬ 
nism  undergoes  a  change  at  about  0.  25,  0,  5, 
and  0.  8  Tm.  In  copper,  aluminium,  and  tita¬ 
nium,  however,  the  second  kink  occurs  at  0.36, 
0.  6,  and  0.  55  Tm,  respectively.  Whether  or 
not  -these  kinks  indeed  correspond  to  a  change 
of  the  flow  mechanism  remains  to  be  as¬ 
certained. 

The  test  temperatures  for  the  Cu-Zn 
alloys  are  given  in  the  phase  diagram  of  Fig. 
2*4.  A  microstructural  examination  revealed 
^jjhat  the  alloys  cpntaining  up  to  35  wt%  Zn  are 
a-phase,  and  those  of  40wt%  Zn  are  (a -bi¬ 
phase.  Fig.  2*5  shows  the  temperature  de- 


vft(%  Zn) 


at  (%Zn) 

Fig.  2*4  Phase  Diagram  of  the  Cu-Zn  System. 

Crosses  denote  the  Positions  at  which 
Measurements  were  Made. 


Fig.  2»5  Temperature  Dependence  of  the  Compres¬ 
sion  Stress  of  Copper  and  Copper-Zinc 
Alloys  at  £  =  0.2.  Strain  Rate:  0.13 sec-1. 
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pendence  of  the  flow  stress  for  three  zinc  alloys  and  tough  pitch  copper.  The  curves  for 
70%  Cu-30%  Zn  and  65%  Cu-35%  Zn  alloys  are  different  from  the  previously  obtained  curves 
in  that  they  exhibit  a  reverse  temperature  dependence  of  the  flow  stress  a  little  below  0.  5Tm. 
In  particular,  Fig.  2*6  shows  this  temperature  dependence  for  the  65%  Cu-35%  Zn  alloy  with 
strain  rate  as  a  parameter.  The  temperature  at  which  the  stress  peak  appears  increases 
"With  increasing  strain  rate.  . 

Ardley  and  CottrelF2"15  have  observed  that  the  critical  resolved  shear  stress  of  ^-brass 
reverses  it  temperature  dependence  in  the  neighborhood  of  200°C,  and  attributed  it  to  the 
formation  of  a  superstructure. 

From  the  appearance  of  superlattice  lines  in  X-ray  analysis,  a-brass  is  also  known  to 
undergo  an  order-disorder  transition.  If  the  reverse  temperature  dependence  of  the  flow  stress 

shown  in  Fig.  2-6  were  really  due  to  the 
formation  of  a  superstructure  or  precipitation, 
a  specimen  quenched  from  above  the  transi¬ 
tion  temperature  (300  to  500°C)  would  yield 
a  lower  flow  stress  than  a  slowly  cooled  speci¬ 
men.  As  Fig.  2*7  shows,  however,  heat 
treatments  from  600°C  had  no  effect  on  the 
flow  stress  of  65%  Cu-35%  Zn  brass  when 
measured  at  room  temperature,  which  refutes 
the  above  possibility. 

Cu-Sn  alloys  also  exhibit  a  reverse  tem¬ 
perature  dependence  around  0.  5Tm.  Fig.  2*8 
shows  the  temperature  dependence  of  the  flow 
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Temperature 

Fig.  2*6  Temperature  Dependence  of  the  Compres¬ 
sion  Stress  of  65%  Cu-35%  Zn  Alloys  at 
6=0.2. 

lcg/mm2 


Alloy  at  Room  Temperature.  Curve  A, 
Slowly  Cooled  Specimen;  B,  Rapidly  Cooled 
one  from  600°C.  Conventional  Strain  Rate 
:in  this  Case  in  1. 4xl0~3sec~1. 


Fig.  2*8  Temperature  Dependence  of  the  Com¬ 
pression  Stress  of  Cu-Sn  Alloys  at 
6=0.2. 
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Fig.  2*9  Temperature  Dependence  of  the  Compression 
Stress  of  93%Cu-7%  Sn  Alloys  at  £=0.2. 


stress  at  a  strain  rate  of  0. 13  sec"1  and  at  0.  2  strain.  In  particular,  Fig.  2-9  refers  to  the  details 
of  that  of  the  93%  Cu-7%  Sn  alloys. 

A  microscopic  examination  revealed  that  the  60%  Cu-40%  Zn  alloys  were  («+^  )-P^e 
below  454°C  and  (a+/3)- phase  above  454°C.  With  increasing  temperature  above  500  C,  the 
/9-phase  increases  its  content  at  the  expense  of  the  a-phase,  and  becomes  softer  than  tough 
pitch  copper  and  a-brass.  No  reverse  temperature  dependence  of  the  flow  stress  has  been 

found  in  this  case.  -  ,.  ,  ..  „ 

If  these  anomalous  plastic  behaviors  are  really  due  to  the  viscous  motion  of  dislocations, 

one  may  expect  to  observe  similar  phenomena  in  every  substitutional  solid  solution. 


2-3  STRAIN  RATE  DEPENDENCE  OF  THE  FLOW  STRESS 


It  is  generally  asserted  that  the  flow  stress 
strain  rate  above  recrystallization  temperature 
relation  between  the  flow  stress  <J  and  tbe 
strain  rate  £  takes  tbe  form 

(7= (To  em  (2) 

where  (To  is  a  proportionality  constant.  Camp¬ 
bell2'25  and  Hahnc2'35  derived  Eq.  (2)  by  re¬ 
lating  the  macroscopic  strain  rate  with  the 
motion  of  dislocations.  The  effect  of  tempe¬ 
rature  manifests  itself  in  the  exponent 

As  Fig.  2-10  shows,  Eq.  (2)  is  valid  at 
least  in  the  case  of  aluminium.  However,  for 
some  metals  and  alloys  in  which  the  flow 
stress -strain  curve  exhibits  a  stress  peak,  Eq. 
(2)  does  not  hold  in  general  but  for  particular 


of  metals  and  alloys  is  more  susceptible  to 
than  below.  The  experimentally  established 


Fig.  2*10  Strain  Rate  Dependence  of  the  Flow 
Stress  of  99. 5%  AI  at  £=0. 2. 
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Pig.  2*14  "m”-Reduced  Temperature  Relation  for  Fig.  2*15  “m”-Reduced  Temperature  Relation 

Cu-Zn  Alloys.  for  Cu-Sn  Alloys. 


24  THE  FLOW  CHARACTERISTICS  OF  SPECIFIC  MATERIALS 

The  flow  stress  of  a-brass  increases  with  increasing  zinc  concentration  up  to  10wt%. 
When  the  concentration  exceeds  20wt%,  the  stress-strain  curve  reveals  a  new  feature :  at 
temperatures  below  0.  5  Tm,  the  flow  stress  is  little  affected  by  strain  rate  with  work  hardening 
occurring  over  a  wide  range  of  strain,  and  above  0.  5Tm,  the  initial  work  hardening  of  short 
duration  is  followed  by  a  steady  flow  which  is  extremely  sensitive  to  strain  rate ;  with  further 


increase  of  temperature  the  stress-stram  curve 
begins  to  exhibit  a  stress  peak,  though  not  so 
clearly  as  in  the  case  of  tough  pitch  copper. 

60%  Cu-40%  Zn  alloys  which  contain  not 
only  the  a -phase  but  also  /3  or  /3'-phase  show 
a  different  flow  characteristic.  Work  harden¬ 
ing  almost  ceases  above  300°C  and  the  flow 
stress  becomes  influenced  by  strain  rate  in¬ 
stead.  Above  500°C  the  flow  beyond  0.05 
strain  proceeds  at  a  constant  stress.  At  800°C 
the  flow  stress  becomes  so  small  that  the 
applied  load  in  low  strain  rate  experiments 
cannot  be  read  off  from  the  film  of  the 
oscilloscope. 

Fig.  2-16  shows  the  grain  size  and  the 
zinc  concentration  dependence  of  the  flow 
stress  of  Cu-Zn  alloys  which  were  compressed 
at  2.  5  sec"1  and  at  room  temperature.  The 


Zn  (w i%) 

Fig.  2*16  Zinc  Concentration  Dependence  of  the 


Grain  Size  and  the  Flow  Stress  of 
Cu-Zn.  Alloys  at  Room  Temperature. 
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flow  stress  increases  with  increasing  zinc  con¬ 
centration  up  to  20wt%  beyond  which  the 
flow  stress  begins  to  decrease  down  to  a 
minimum  at  30  wt%  Zn.  The  flow  stress  of 
Cu-Sn  alloys  also  becomes  minimal  at  6  to 
8wt%Sn  (Fig.  2  •  17). 

2-5  SUMMARY 

From  the  analysis  of  the  stress-strain 
curves  of  non-ferrous  metals  and  alloys,  the 
followings  have  been  demonstrated : 

1)  The  stress-strain  curve  exhibits  a 
stress  peak  as  temperature  exceeds  0.  5  Tm. 

2)  The  temperature  dependence  of  flow 
stress  may  be  described  by  an  Arrhenius  type 
of  equation,  provided  that  the  flow  mechanism 
remains  unchanged  in  the  temperature  range 
under  consideration. 

3)  The  magnitude  of  the  peak  stress  of  Cu-Zn  and  Cu-Sn  alloys  that  appears  in  the 
vicinity  of  0.  5  Tm  increases  with  temperature,  and  the  temperature  of  the  stress  peak  shifts  to 
the  high  temperature  side  upon  increasing  strain  rate. 

4)  Eq.  (2)  is  valid  unless  an  anomalous  plastic  behavior  sets  in. 

5)  Contrary  to  the  general  impression,  the  strain  rate  sensitivity  “m”  of  flow  stress  does 
not  increase  in  a  simple  manner  with  temperature  but  tends  to  slacken  or  take  a  minimum 
around  0.5  Tm,  sometimes  taking  a  constant  value  when  temperature  reaches  0.7  and  0.  8Tm. 
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PART  3.  THE  FLOW  STRESS  FOR  STEELS 

In  this  part,  the  experimental  results  concerning  the  flow  stess  of  steels  will  be  discussed; 

3*1  FLOW  STRESS-STRAIN  CURVES 

The  flow  stress  natural  strain  curves  for  carbon,  alloyed,  and  stainless  steels  are  given 
in  Figs.  4*22  to  4-70.  The  0. 15%  C  and  18%  Cr-8%  Ni  steels  were  investigated  in  the 
temperature  range  0-1200°C  and  in  the  strain  rate  range  0.  8-650  sec”"1,  where-as  other  steels 
were  tested  in  the  ranges  where  the  actual  hot  working  is  usually  performed,  i.  e.,  800-1200°C 
and  0.  8-100  sec"1. 

In  general,  the  flow  stress  at  a  given  strain  increases  with  increasing  strain  rate  and 


kg /mm2 


Fig.  2*17  Tin  Concentration  Dependence  of  the 
Flow  Stress  of  Cu-Sn  Alloys. 
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decreases  with  increasing  temperature.  At  high  temperatures  and  at  low  strain  rates,  hardening 
occurs  in  the  initial  stages  of  deformation,  followed  by  softening  due  to  recrystallization  as 
deformation  proceeds.  The  flow  stress  thus  goes  through  a  maximum. 

With  the  0. 15%  C  steel  deformed  in  the  temperature  range  200-600°C  and  other  steels 
tested  at  800°C,  no  such  maximum  in  the  stress-strain  curve  was  observed  nor  was  there  any 
definite  strain  rate  dependence.  On  the  other  hand,  the  flow  stress-strain  curve  exhibited  an 
anomaly  which  is  probably  related  with  blue  shortness  or  phase  changes,  as  will  be  discussed 

kter* 

The  low  alloy  steels  of  Figs.  4-38  to  4-53  which  have  only  a  limited  use  were  included 
for  their  gradual  variation  in  composition  in  order  to  see  the  effect  of  alloying  elements. 

3*2  TEMPERATURE  DEPENDENCE  OF  THE  FLOW  STRESS 

Figs.  3«1  and  3*2  show  the  temperature  dependence  of  the  flow  stress  for  0. 15%  C  and 
18%  Cr-8%  Ni  steels,  respectively.  The  strain  selected  is  0.  2  and  the  strain  rates  studied  were 
0.  2,  3.  5,  and  30  sec"1. 

In  the  case  of  the  18%  Cr-8%  Ni  steel,  the  flow  stress  does  not  decrease  uniformly  with 
increasing  temperature  but  shows  an  abrupt  drop  in  the  vicinity  of  600-800°C.  The  occurrence 
of  this  anomaly  at  0.  5  Tm  (Tm :  melting  point  in  °K)  together  with  similar  observations  also 


Temperature 

Fig.  3*1  Temperature  Dependence  of  the  Flow  Stress  of  Carbon  Steel.  Strain  Rate  Range.  0,2-30 sec  . 
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Fig.  3-2  Temperature  Dependence  of  the  Flow  Stress  of  18%  Cr-8%Ni  Stainless-Steel. 


in  non-ferrous  metals  indicates  the  begin¬ 
ning  of  recrystallization  or  grain  growth 
during  deformation.  To  corroborate  this 
view,  18%  Cr-8%  Ni  steel  specimens  pre¬ 
strained  in  tension  by  6-28%  were  annealed 
between  100  and  1000°C  for  15  min  and 
then  water  quenched.  Fig.  3*3  shows  the 
hardness  increase  over  that  of  an  unstrained 
specimen.  The  hardness  begins  to  decrease 
around  600°C  at  high  strains  or  around 
700°C  at  low  strains.  The  similarity  of 
temperature  dependence  between  hardness 
and  flow  stress  supports  the  above  inter¬ 
pretation. 

In  the  case  of  0.  15%  C  steel,  there  was 
observed  a  peak  in  the  flow  stress  around^  200-600°C.  Owing  to  the  wide  interval  of 
temperature  for  the  data,  the/exact  location  of  the  peak  is  difficult  to  specify.  With  increasing 


Fig.  3*3  Hardness  Increase  of  Deformed  18%  Cr-8%  Ni 
Stainless  Steel  Over  that  of  Fully  Annealed 
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temperature  there  exists  a  second  peak  the  exact  position  of  which  is  also  unkown  for  the 
same  reason.  Fig.  3*4  is  the  flow  stress-temperature  curve  of  killed  low  carbon  steel.  The 


smaller  temperature  intervals  (100  deg)  for 
these  data  reveal  the  peaks  more  clearly  than 
in  Fig.  3-1.  Finally  a  third  peak  exists  around 
900-1000°C. 

The  existence  of  the  first  peak  has  been 
recognized  by  many  researchers.  For  low 
strain  rate  and  high  temperature  tensile  tests 
this  peak  is  characterised  by  the  occurrence  of 
a  violent  oscillation  in  the  stresss-train  curve 
taken  around  200-300°C  and  a  simultaneous 
rise  in  flow  stress,  with  varying  degree  of 
intensity  depending  on  the  carbon  content. 
It  has  been  observed  by  Nadai  and  Manjoine 
that  this  peak  is  displaced  to  the  high  tem¬ 
perature  side  upon  increasing  strain  rate.  They 
have  also  observed  that  the  temperature  at 


Temperature  (TX102) 

Fig.  3*4  Temperatme  dependence  of  the  Flow 
Stress  of  0. 12%  C-Steel. 


which  this  peak  occurs  is  240°C  at  10“'4sec"1,  Strain  (6)  -0.1  0.4, 

340°C  at  0.  5  sec"1,  and  560°C  at  600  sec“b  Strain  rate  (a)=10  sec-. 

The  probable  cause  of  this  phenomenon  is  the  ageing  effect  called  blue  shortness  in 
which  diffusion  plays  an  important  role.  The  strain  rate  and  temperature  dependence  of  the 
peak  stress  may  then  be  accounted  for  by  the  kinetic  behavior  of  a  rate  process.  The  peak 
position  in  the  present  experiment  was  estimated  to  be  between  400  and  500  C,  in  agreement 
with  the  observation  by  Nadai  and  Manjoine C3_1). 

The  second  peak  was  observed  only  in  low  carbon,  low  alloy,  and  f3%  Cr  steels  among, 
the  materials  investigated.  As  can  be  seen  from  the  phase  diagram,  steels  containing  less  than 
0.8%  carbon  change  from  a-phase  to  (a-j-^-phase  around  720°C.  The  difference  in  carbon 
content  between  the  two  phases  is  expected  to  give  rise  to  a  change  in  the  magnitude  and 
temperature-strain  rate  dependence  of  the  flow  stress.  This  second  anomaly  at  800  C  may 
then  be  explained  as  due  to  a  phase  change.  Were  it  not  for  this  phase  change,  the  flow 

stress  curve  would  extend  smoothly  beyond 


Temperature  (T) 

Fig.  3*5  Flow  Stress-Temperature  Curves  of  the 
cf-&  r-Iron. 


the  transition  point  into  the  two  regions,  as 
shown  by  the  dotted  lines  in  Fig.  3*5. 

•  Above  800°C  the  flow  stress  in  the  «- 
region  should  monotonously  decrease  with 
increasing  temperature.  However,  as  is  seen 
in  the  killed  low  carbon  steel  of  Fig.  3*4 
and  less  clearly  in  the  0. 15%  C  steel  of  Fig. 
3.1,  this  is  not  the  case  and  the  flow  stress 
in  the  region  seems  to  be  accompanied  by 
work  hardening  around  900-1000°C. 

The  steels  that  exhibited  such  an  ano¬ 
maly  were,  beside  the  above  two  examples, 
1%  Cr-0.  5%  Mo  steel  and  5%  Cr-0.  5%  Mo 
steel,  both  with  a  carbon  content  of  less  than 
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0. 15%.  Similar  observations  were  made  in  0. 17%  C  steel  by  Alder  and  PhillipsC3"2)  and  in 
0. 15%  C  steel  but  not  in  0.  56%  C  steel  by  CookC3“3). 

It  has  been  reported  by  InoueC3~4)  that  in  his  high  strain  rate  tensile  experiments  four  steels 
underwent  brittle  fracture  but  they  all  yielded  the  same  flow  stress  in  this  temperature  range. 
In  ZoteelV3"55  high  strain  rate  tensile  tests  of  Armco  steel,  however,  there  is  a  clear  indication 
of  the  flow  stress  increasing  with  temperature  around  1000°C. 

No  decisive  conclusion  has  been  drawn  yet  as  to  the  nature  of  this  third  anomaly,  but  it 
is  prevalent  to  attribute  it  to  the  precipitation  of  AI2O3  or  AIN. 

Except  for  these  anomalies,  the  temperature  dependence  of  the  flow  stress  of  steels  as  well 
as  non-ferrous  metals  and  alloys  can  be  described  by  an  Arrhenius  type  of  equation.  Of  the 
two  steels  that  were  investigated  over  a  wide  range  of  temperature,  the  flow  stress  of  the 
0. 15%  C  steel  does  not  obey  an  Arrhenius  equation  because  of  the  existence  of  anomalies  :  the 
flow  stress  of  the  18%  Cr-8%  Ni  steel,  on  the  other  hand,  lies  on  a  curve  composed  of  three 
segments  of  straight  lines  when  plotted  as  a  function  of  reciprocal  temperature  (Fig.  3*6). 
The  position  of  the  second  kink  in  the  curve  agrees  with  that  of  the  kink  of  Fig.  3*2  which 
was  interpreted  as  due  to  recrystallization. 

The  appearance  of  the  second  peak  around  200°C  can  be  considered  either  due  to  some 
mechanism  related  with  work  hardening  or  due  to  the  hardening  effect  caused  by  chromium 
carbide  which  is  seen  in  a  low  strain  rate  tensile  test  of  stainless  steel  carried  out  around  200- 
600°CC3~6).  •  The  present  experiment  could  not  decide  between  the  two. 


kg^mra2 
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3-3  STRAIN  RATE  DEPENDENCE  OF  THE  FLOW  STRESS 


As  has  been  mentioned  in  the  sections 
concerning  the  non-ferrous  metals  and  alloys, 
the  following  relation  holds  between  flow  stress 
and  strain  rate : 

Figs.  3-7  and  3-8  refer  to  the  experi¬ 
mental  results  of  0. 15%  C  steel  and  18%  Cr- 
8%  Ni  steel,  respectively,  each  analyzed  ac¬ 
cording  to  the  above  equation.  Except  for 
the  0. 15%  C  steel  at  400°C  where  blue  short¬ 
ness  sets  in,  a  linear  relationship  holds  be¬ 
tween  log  0  and  log  E. 

Fig.  3*9  shows  the  values  of  the  exponent 
“m”  which  denotes  the  sensitivity  of  the  flow 


Fig.  3*7  Strain  Rate  Dependence  of  the  Flow-Stress 
of  0. 15%  C-Steel. 


Fig.  3-8  Strain-Rate  Dependence  of  the  Flow  Stress 


of  18%  Cr-8%  Ni  Stainless  Steel. 


Fig.  3*9  *m”  Value  vs  Temperature  Curves  for 
0. 15%  C  Steel  and  18%  Cr-8%  Ni  Stainless 
Steel. 
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stress  to  strain  rate,  “m”  tends  to  increase  with  increasing  temperature.  In  0. 15%  C  steel, 
however,  “m”  takes  an  unusually  large  value  at  600°C.  The  existence  of  this  anomaly  has 
heen  recognized  by  other  researchers. 

3-4  THE  FLOW  CHARACTERISTICS  OF  SPECIFIC  MATERIALS 
3*4 -1  Carbon  Steels 

The  flow  stress-strain  curves  at  0.  2  strain  and  at  a  strain  rate  of  10  sec"'1  are  shown  in 
Fig.  3  ‘10  in  which  some  of  the  results  due  to  InoueC3“n,  AlderC3-2),  and  CookC3-3)  are  included. 

Up  to  800°C,  the  flow  stress  tends  to  increase  with  increasing  carbon  content :  at  1200°C, 
on  the  other  hand,  the  flow  stress  takes  on  a  constant  value  independent  of  carbon  concentra¬ 
tion.  This  is  an  established  fact.  For  instance,  the  data  due  to  Inoue  and  Cook  indicate  that 
the  high  temperature  flow  stress  is  practically  independent  of  carbon  concentration  up  to  1%. 


Steels  Measured  by  Various  Investigators.  Alloy  Steels  Measured  by  Various  In- 

(Cook,  Alder,  Inoue  and  Present)  vestigators.  (Inoue  and  present) 


3-4*2  Low  Alloy  Steels 

Fig.  3-11  is  the  flow  stress-strain  curves  of  1%  Cr-0.  5%  Mo  and  5%  Cr-0.  5%  Mo  steels 
together  with  Inoue’s  results. 

.  There  is  to  be  seen  a  small  but  detectable  concentration  dependence :  5%  Cr  steel  has  a 
larger  flow  stress  than  1%  Cr  steel.  This  is  also  true  of  Inoue’s  results. 

Inoue’s  curves  deviate  from  the  present  ones  around  900°C  where  an  anomaly  related 
■with  some  hardening  effect  is  usually  observed.  The  present  experiments  were  unable  to 
account  for  this  difference. 
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It  is  generally  known  that  the  tensile  strength  of  most  chromium  steels  at  room  tempera¬ 
ture  decreases  with  increasing  chromium  concentration  up  to  6%.(3'7)  Creep  tests  at  600  C  as 

well  as  tensile  tests  up  to  700°C  confirm  this.C3  85  .  1 

In  the  present  experiment,  however,  the  opposite  tendency  has  been  observed,  probably 
owing  to  the  high  temperatures  and  the  high  strain  rates  used.  As  a  matter  of  fact,  Charpy 
impact  tests  yielded  larger  impact  values  for  5%  Cr  steel  than  for  2%  Cr  steel  in  the  tem¬ 
perature  range  up  to  700oC.<3~9)  Nevertheless,  the  difference  in  flow  stress  between  1  %  and 

5%  Cr  steels,  especially  at  high  temperatures,  is  not  so  large  as  to  be  important  in  practical 
applications. 

The  other  low  alloy  steels  of  limited  use  have  been  investigated  mainly  to  see  the  effect 
of  alloying  elements.  Fig.  3-12  is  the  flow  stress-strain  curves  of  low  alloys  steels  1,  2,  3,  8, 
9,  and  10  at  the  strain  rate  10  sec"1  and  at  the  temperatures  1000  and  1200°C.  The  com¬ 
positions  are  shown  in  Table  3-1  in  which  blanks  denote  the  upper  preceding  values.  In 
particular,  the  effects  of  manganese,  chromium,  copper,  and  nickel  are  shown  in  Table  3*2. 


Fig.  3*12  Composition  Dependence  of  the  Flow 
Stress  of  Low  Alloy  Steels. 


Table  3-1  Compositions  Of  the  Low  Alloy 
Steels  in  Fig.  3*12. 


Table  3*2  Effects  of  Alloying  Elements  on  the  Flow  Stress  of  Low  Alloy  Steels. 


C 

Mn 

Cu 

Cr 

Ni 


1000°C 

1200°C 

Content  % 

Raises  Flow  Stress  Slightly 
Does  not  Alter 

Lowers 

Raises 

Effective  Within  0. 4  Strain 

Does  not  Alter 

Effective  Within  0. 5  Strain 
Alters  Little 

Alters  Little 

Raises 

0. 15 — >0. 55 

0. 44 — >2. 13 

0. 12— >1.07 

1  — >5 

1.19— >3. 17 

3a 
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3*4*3  Stainless  Steels 

Fig.  3*13  is  the  flow  stress-strain  curves  of  13%  Cr,  13%  Cr-0.  5%  Mo,  17%  Cr,  18%  Cr- 
8%  Ni,  18%  Cr-8%  Ni-2%  Mo  steels  at  0.4  strain  and  at  a  strain  rate  of  10  sec-1. 

The  addition  of  molybdenum  tends  to  suppress  the  decreasing  tendency  of  the  flow  stress 
at  high  temperatures  and  is  effective  in  increasing  the  flow  stress  in  this  region. 


Fig.  3*13  Composition  Dependence  of  the  Flow 
Stress  of  Stainless  Steels. 

A  large  difference  is  seen  between  the  flow  stresses  for  the  13%  Cr  and  the  17%  Cr 
steels.  As  has  been  said  of  low  alloy  steels,  the  addition  of  chromium  also  tends  to  increase 
the  flow  stress  at  high  temperatures  and  at  high  strain  rates. 

SUMMARY 

A  proper  understanding  of  the  flow  stress  of  metals  and  alloys  is  a  primary  prerequisite 
to  the  determination  of  the  mode  of  plastic  working  and  the  proper  design  of  working  tools. 
The  fact  that  the  flow  stress  depends  not  only  on  the  properties  of  the  material  but  also  on 
the  degree  of  deformation,  deformation  speed  and  temperature  has  made  the  measurements  of 
flow  stress  difficult  and  restricted  them  to  only  a  few  kinds  of  materials.  To  narrow  this  gap, 
the  authors  have  conducted  investigations  into  forty-nine  kinds  of  widely  used  steels  and  twenty- 
-one  kinds  of  non-ferrous  metals  and  alloys.  In  this  paper  the  results  that  have  been  obtained 
-during  the  period  between  1951  and  1966  have  been  presented.  Although  the  first  object  of 
providing  basic  information  concerning  the  flow  stress  which  may  be  useful  in  practical  appli- 
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cations  has  been  achieved,  the  second  object  of  relating  the  flow  stress  with  strain,  strain  rate, 
and  temperature  has  been  confined  to  the  proposal  of  empirical  formulas. 

The  flow  stress  of  metals  and  alloys  at  high  temperatures  is  a  complicated  phenomenon 
in  which  two  opposing  tendencies,  i.  e.,  work  hardening  and  recovery  or  recrystallization,  . 
compete  simultaneously.  It  is  hoped  that  the  present  experiment  will  contribute  to  the  clari-. 
fication  of  these  phenomena  and  to  the  search  for  the  equation  governing  their  behavior  with 
more  accuracy  and  generality. 
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PART  4.  DATA  SHEET  IN  THE  FORM 

Table  4*1  List  of  Data  Sheets.  . 


Fig.  No, 

Test  Materials 

Treatment 

Strain  Rate  Range 

!  Temperature  Range 

-'.4-  1 

Aluminium 

Cold  Drawn-*  Annealed 

0.2—650  sec"1 

-75-  500°C 

2 

// 

Extruded^Cold  Drawn-*  Annealed 

0. 1-  10  //  ■ 

18-  500  " 

3 

Duralumin 

Cold  Drawn-*Annealed 

0.2-100  // 

200-  500// 

Fig.  No, 

Test  Materials 

Treatment 

Strain  Rate  Range 

Temperature  Range 

4-  4 

99. 9%  Copper 

Hot  Rolled-* Cold  Drawn 
Annealed 

0. 1—  2,  Ssec"1 

18-  900°C 

5 

.99.  99%  Copper 

tt 

.0.1—  10  sec-1  . 

18~  800”C 

6 

98%  Cu-2%  Zn  Brass  . 

Extruded-*Cold  Drawn-*  Annealed 

// 

tt 

7 

90%  Cu-10%  Zn  Brass  . 

// 

tf 

tt 

8  . 

80%  Cu-20%  Zn  Brass 

// 

» 

tt 

9 

70%  Cu-30%  Zn  Brass 

tt 

// 

tt 

10 

65%  Cu-35%  Zn  Brass 

// 

tr 

tt 

11 

60%  Cu-40%  Zn  Brass 

// 

tt 

tt 

12 

98. 5%  Cu-1. 5%  Sn  Bronze 

// 

tt 

ft 

13 

95%  Cu-5%  Sn  Bronze 

n 

tr 

tt 

14 

93%  Cu-7%  Sn  Bronze 

// 

tt 

tt 

15 

90%  Cu-10%  Sn  Bronze 

tt 

tt 

tt 

Fig.  No. 

;  Test  Materials 

Treatment 

Strain  Rate  Range 

Temperature  Range 

4-16 

Pure  Zinc 

Hot  Rolled 

0. 2—650  sec-1 

— 75~  300°C 

17 

Zinc-1 

// 

0. 8—100  sec-1 

'  0~  300’C 

18 

Zinc-2 

// 

» 

tt 

19 

Zinc-3 

// 

tt 

tt 

Fig.  No. 

Test  Materials 

Treatment 

Strain  Rate  Range 

Temperature  Range 

4-20 

Magnesium 

Extruded  ->Cold  Drawn  -*  Annealed 

0.1—  10  sec-1 

18-  500°C 

Fig.  No. 

Test  Materials 

Treatment 

Strain  Rate  Range 

Temperature  Range 

4-21 

Titanium 

Hot  Rolled  -*■  Annealed 

0. 1—  10  sec-1 

18-  900°C 

Fig.  No. 

Test  Materials 

Treatment 

Strain  Rate  Range 

Temperature  Range 

4-22 

0. 08%  C  Steel 

Hot  Rolled -*  Annealed 

0.3—  10  sec-1 

800— 1200°C 

23 

0. 12%  C  // 

Forged  ->  Annealed 

'  0. 8-100  // 

tt 

24 

0. 15%  C  // 

Hot  Rolled  -*  Annealed 

0. 3-  10  // 

tt 

25 

0. 15%  C  // 

Forged  ->  Annealed 

0. 2-650  * 

0— 1200°C 

26 

0. 2%  C  // 

Hot  Rolled  -*  Annealed 

0. 3-  10  // 

800— 1200°C 

27 

0. 25%  C  // 

Forged  -*  Annealed 

3. 5-  30  // 

tt 

28 

0. 27%  C  // 

Hot  Rolled -*  Annealed 

0. 3—  10  // 

tt 

29 

0. 45%  C  // 

Hot  Rolled  -*  Annealed 

0.3-  10  // 

tt 

30 

0. 55%  C  // 

Forged  -*  Annealed 

3. 5-  30  // 

tt 

31 

0. 95%  C  // 

Hot  Rolled  -»  Annealed 

0.  3-  10  // 

tt 
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OF  FLOW  STRESS-STRAIN  CURVES 


Cu 

Si 

Fe 

Mn 

0.1 

0. 15 

0.5 

0.01 

0. 016 

0. 07 

0.24 

3.5 

0.1 

|  0.5 

0.5 

Fe 

Pb 

Sn 

Zn 

Chemical  Composition  (%) 

Mg 


0. 45 

Chemical  Composition  (%) 


,95  0,0057 


Ni  ■ 

S  ' 

As 

Sb 

Bi  1 

0. 0038 

0.  001 

0. 0004 

0.0016 

0. 00014 

0. 0014 

0.  001 

0. 0002 

0. 0006 

0. 00005 

0. 0032  Bal. 
0. 0032  Bal. 
0. 0035  Bal. 
0. 0088  Bal. 
0. 0072  Bal. 
0.0042  Bal. 
1.5 


0.0071  0.0007 

Mg  A1 

Bal.  0.01 


1. 5  0. 062 

5. 35  0. 135 

7.  03  0. 138 

10. 0  0. 166 

Chemical  Composition  (%T~ 
Cu  Sn  A1  Mg  Zn 

0.0004  <0.0001  Bal. 

0.0011  0.0016  Bal. 

0. 0018  0. 0022  Bal. 

0.0012  0.0003  0.0096  0.0059  Bal. 

.  Chemical  Composition  (%) 
Mn  Si  Cu  Ni 

0. 008  0. 004  0. 003  0. 0008 

Chemical  Composition  (%) 


Chemical  Composition  (%) 
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Tabic  4*2  List  of  Data  Sheets. 


Fig.  No. 

Test  Materials 

Treatment 

Strain  Rate  Range 

Temperature  Range 

4-32 

High  Strength  Steel-I 

Hot  Rolled  -*■  Annealed 

0.3—  10  sec*1 

800— 1200°C 

33 

//  -II 

// 

tt  ■ 

tt 

34 

//  -III 

tt 

tt 

tt 

35 

//  -IV 

/t 

tt 

tt 

36 

//  -y 

n 

tr 

tt 

37 

//  _vi 

// 

tf 

tt 

Fig.  No. 

Test  Materials 

Treatment 

Strain  Rate  Range 

Temperature  Range 

4-38 

Low  Alloy  Steel-1 

Forged  ->  Annealed 

3.5—  30  seer1 

800— 1200°C 

39 

//  -2 

// 

// 

tt 

40 

;  -3 

// 

tt 

tt 

41 

ff  -4 

✓/ 

tt 

tf 

42 

»  -5 

// 

t/ 

tt 

43 

'  "  -6 

// 

tt 

tt 

44 

//  -7 

// 

tt 

1000  and  1200°C 

45 

//  -8 

// 

tt 

800— 1200°C 

46 

//  -9 

// 

ff 

tt 

Fig.  No. 

Test  Materials 

Treatment 

Strain  Rate  Range 

Temperature  Range 

4-47 

Low  Alloy  Steel-10 

Forged  -*  Annealed 

3. 5"'-'  30  sec-1 

800— 1200°C 

48 

*  -11 

// 

ff 

tt 

49 

//  -12 

// 

rt 

tt 

50 

.  //  -13 

n 

'ff 

tt 

51 

//  -14 

f/ 

tt 

51 

//  -15 

ff 

tt 

tt 

53 

//  -16 

ff 

ft 

rt 

54 

1%  Cr-0.5%  Mo  Low  Alloy  Steel 

ff 

0. 8—100  sec-1 

tt 

55 

5%Cr-0. 5  %  Mo  Low  Alloy  Steel 

ff 

tt 

tt 

Fig.  No. 

Test  Materials 

Treatment 

Strain  Rate  Range 

Temperature  Range 

4-56 

12%  Cr-12%  Ni  Stainless  Steel 

Hot  Rolled  -»  Annealed 

0. 8—100  sec-1 

800— 1200°C 

57 

12%  Cr-15%  Ni  // 

tf 

tr 

tt 

58 

13%  Cr  * 

tf 

tr 

tt 

59 

13%  Cr-Mo  // 

ff 

0. 2—100  sec-1 

tt 

60 

17%  Cr 

tf 

.  0. 8—100  seer1 

tt 

61 

17%  Cr-5%  Ni-5%  Mo-Ti  * 

tt 

tf 

tt 

62 

17%  Cr-7%  Ni-Mo  '/  ; 

tf 

ft 

"  i 

63 

17%  Cr-12%  Ni-2%  Mo  // 

Hot  Drawn  Annealed 

197  -527  sec-1 

0— 1200°C 

64 

17% Cr-13% lSJi-2% Mo-  '/ 

tt  ' 

rt 

tt 

65 

17%  Cr-14%  Ni-Ti-W  !  // 

Hot  Rolled  Annealed 

0. 8—100  sec"1 

800— 1200°C 

66  (a),  (b) 

18%  Cr-8%  Ni  // 

1  ■  "  i 

0. 2—650  sec-1 

0— 1200°C 

67 

18%  Cr-8%  Ni  //  ; 

;  //  ■  j 

197  -527  sec-1 

tt 

68 

18%  Cr-12%  Ni-Mo  * 

•  // 

0. 8—100  sec-1 

800-1200*0 

69 

22%  Cr-13%  Ni  //  \ 

Hot  Drawn  -*•  Annealed 

197  —527  sec-1 

0— 1200°C 

70  * 

25%  Cr-20%  Ni  // 

ft 

tt 

tt 

38 


SUZUKI,  ET  AL.— STUDIES  ON  THE  FLOW  STRESS  OF  METALS  AND  ALLOYS 
- “  Chemical  Composition  (9-6)  _ 


177 


0.1 
0. 16 
0. 179 
0. 12 
0. 15 
0. 164 


Si 


0.42 
0. 26 
0.37 
0. 26 
0. 33 
0. 39 


Mn 


0.42 
1. 22 
1. 07 
0.78 
1.3 
1. 14 


0. 08 
0. 01 
0.  011 
0.015 
0. 017 
0. 004 


0. 009 
0. 005 
0. 006 
0. 009 
0.014 
0. 005 


Cu 


0.3 


0. 34 

0. 12 


Cr 


0.74 


0.49 

0.51 


0.8 


Ni 


0. 37 


0.41 

0.87 


1.05 


Mo 


0. 40 

0.44 


0.064 
0. 062 
0. 84 


B 


0.003 

0.003 


fNb:  0.066 
ft  ftfto J  i  Sn  •  0. 017 
°*  0036|  l/Ti:  0.003 


Chemical  Composition  (%) 


C 

Si 

Mn 

P 

S 

Cu 

Cr 

Ni 

0. 32 

0. 39 

0.44 

0. 018 

0.019 

0. 12 

3. 42 

1. 19 

0.34 

0.38 

0. 97 

0. 016 

0. 019 

0. 12 

3. 44 

1.24 

0.3 

0. 36 

0.54 

0.014 

0. 02 

0. 12 

4. 21 

1.23 

0.36 

0. 42 

1. 03 

0. 019 

0. 019 

0.11 

4. 32 

1. 22 

0.3 

0.41 

1.02 

0.016 

0. 017 

0.13 

4.27 

3.18 

0.  31 

0. 41 

0. 62 

0. 02 

0. 017 

0. 13 

3. 18 

3. 12 

0.32 

0.47 

1. 15 

0.027 

0.019 

0. 13 

3. 16 

3. 12 

0. 32 

0.43 

0.57 

0. 02 

0. 022 

0. 13 

3. 29 

3. 17 

0. 28 

0.41 

0.55 

0.019 

0.018 

1.07 

3. 46 

1.24 

f  1/-NT-V  ( 

Si 


Mn 


Cu 


Cr 


Ni 


Mo 


Co 


Zn 


0. 34 
0.33 
0. 14 
0. 14 
0. 15 
0. 18 
0. 18 
0. 15 
=E0. 15 


0.48 
0. 47 
0.41 
0. 36 
0.36 
0.36 
0.7 

|0. 1-0. 35[ 
0.5 


2. 18 
2. 29 
0.78 
0.80 
1.61 
1.  68 
0.53 
0. 3-0.6 
0. 3-0.6 


0. 025 
0. 022 
0. 014 
0. 014 
0. 016 
0. 017 
0. 017 
0. 03 
[<0. 03 


0.016 
0.018 
0. 021 
0. 022 
0. 019 
0. 02 
0. 019 
0. 03 
|<0. 03 


0. 13 
0. 13 
0. 13 
0. 13 
0.11 
0.12 
0.96 


3. 42 
4. 44 
3.04 
4.00 
3.09 
4. 36 
1.59 
0.8-1. 2 
4-6 


1.24 
1.27 
1.13 
1. 13 
1.22 
1.22 
0.59 


0.34 
[0.45-0. 65 
0. 45-0. 65 


1.07 


0. 18 


Chemical  Composition  (%) 


Si 


Mn 


Cu 


Cr 


Ni 


Mo 


0. 12 
0.021 
0. 16 
0. 12 
0.08 
0.05 
0. 08 
0.06 
0. 035 


0. 95 
0.62 
0.37 
0. 12 
0.45 
0. 45 
0.93 
0. 52 
0. 60 


1.34 
1.23 
0.44 
0. 29 
0.43 
0. 68 
1.1 
1.4 
1. 12 


0.024 
0.016 
0.024 
0.014 
0. 031 
0. 021 
0. 009 
0. 035 
0. 029 


0. 005 
0.  009 
0. 007 
0.016 
0. 005 
0. 014 
0. 014 
0. 005 
0. 006 


2. 06 


12.79 
11.85 
12.62 
12. 11 
17. 38 
16.47 
16. 99 
17. 25 
16. 99 
16. 60 


12. 34 
15. 06 


0.5 
.0. 31 
4.71 
6.96 
12. 23 
12.59 
13.45 


0. 45 


4.25 
0. 31 
2. 17 
2. 13 


|Ti=0. 20 
A1=0. 93 


W=2. 7 


N=0. 02 


Se=0. 063 


Ti-1.07 


ft  A17 


Plow  Stress  (<r) 
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Conventional  Strain  (e) 


Fig:.  4-1  Flow  Stress-Strain  Curves  of  Aluminium.  Temperature  Range:  -75°~500°C,  Strain  Rate 
Range:  0. 2~650sec_1. 


40 


Flow  Stress  (tf) 
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Conventional  Strain  (e) 


Fig.  4*2  Flow  Stress-Strain  Curves  of  Aluminium.  Temperature  Range:  18~500°C,  Strain  Rate 
Range:  0.  l~10secrx. 


Flow  Stress  (<r) 
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Conventional  Strain  (e) 


Pig.  4*4  Flow  Stress-Strain  Curves  of  99. 9% Cu -Copper.  Temperature  Range:  18~900°C,  Strain  Rate 
Range :  0. 1~2. 5  sec-1. 
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Flow  Stress.  (<r) 
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kg/mm2 


Cu 

Sb 

Pb 

Ni 

s 

As 

Hi 

0.00005 

99.99 

0.0006 

0.0002 

r— 

o 

o 

0.0014 

0.001 

0.0002 

0, 

0.0001 

Hot  Rolled~>  Cold  Drawn~>  Annealed 


Vickers  H.N.  :  48.5 


Specimen  ’  12^X18 


Natural  Strain  (e) 

I - 1 - 1 - 1 - 1 - 1 - L - 1 _ I _ I _ I _ r  i 

0  0.1  0.2  0.3  0.4  0.5  0  0-1  0.2  0.3  0.4  0.5  0.5! 


Conventional  Strain  (e) 

Fig.  4-5  Flow  Stress-Strain  Curves  of  99. 99% Cu-Copper.  Temperature  Range:  18-800°C,  Strain 
•  -t  .Rate  Range:  0.1— 10 sec-1.  •  -  . 


Flow  Stress  (<x) 
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Conventional  Strain  (e) 

Ffe.  4-7  Flow  Stress-Strain  Curves  of  90% Cu-10% Zn  Brass.  Temperature  Range:  18-800°C,  Strain 
Rate  Range:  0.1— 10 sec-1. 
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kg /mm 3 


Conventional  Strain  (e) 

Fig.  4*9  Flow  Stress-Strain  Curves  of  70%  Cu-30%  Zn  Brass.  Temperature  Range :  18— 800°C, 
Strain  Rate  Range:  0. 1—10 sec-1. 
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Flow  Stress  (<r) 
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Conventional  Strain  (e) 


Fig.  4*10  Flow  Stress-Strain  Curves  of  65% Cu-35% Zn  Brass.  Temperature  Range:  18~800°C, 
Strain  Rate  Range :  0. 1—10  seer1. 


\ 
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kg/mm3 


Conventional  Strain  (e) 

■fig.  4*11  Flow  Stress-Strain  Curves  of  60%Cu-40%Zn  Brass.  Temperature  Range:  18~800°C, 
Strain  Rate  Range:  0. 1^10  sec-1. 
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18$ 


Natural  Strain  (e) 


0  0-T  (L2  (L3  (L4  (L5  0  oil  0T2  th3  (L4  (L5  0  oTl  0^2  (L3  <L4 07s  07S5 

Conventional  Strain  (e) 

Fig.  4-12  Flow  Stress-Strain  Curves  of  98. 5% Cu-1. 5% Sn  Bronze.  Temperature  Range:  18~800”C, 
Strain  Rate  Range :  0. 1~10  sec-1. 
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Conventional  Strain  (e) 

Fig.  4*14  Flow  Stress-Strain  Curves  of  93%Cu-7%Sn  Bronze.  Temperature  Range:  18~800  C, 
Strain  Rate  Range:  0.1~10sec-1; 
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Conventional  Strain  (e) 


Fig.  4-17  Flow  Stress-Strain  Curves  of  Zinc-1.  Temperature  Range:  0~300°C,  Strain  Rate  Range:  0.8— 
100  sec-1. 
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Conventional  Strain  (e) 

Fig1.  4*18  Flow  Stress-Strain  Curves  of  Zinc-2,  Temperature  Range:  0~300  C,  Strain  Rate  Range,  0.8^- 
100  sec-1. 
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Flow  Stress  M 
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I _ 1 _ i _ ! _ I  I  i _ I _ I - 1 - - ! - 1 - 1 - 1 

.0  0.1  0.2  0.3  0.4  0.5  0  0.1  0.2  0.3  0.4  0.5  0.55 

Conventional  Strain  (e) 

Fig.  4*22  Flow  Stress-Strain  Curves  of  0. 08%  C  Steel.  Temperature  Range :  800~1200°C,  Strain  Rate 
Range:  0. 3~10 seer1. 
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Flow  Stress  (a) 


Fig.  4*24  Flow  Stress-5 
Range:  0.3- 


Flow  Stress  (<y) 
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kg/mm* 


Conventional  Strain  (e) 

Fig.  4*25  Flow  Stress-Strain  Curves  of  0. 15%  C  Steel.  Temperature  Range :  0~1200°C,  Strain  Rate 
Range:  0. 2— 650 sec-1. 
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lOsec  1 

liWJUffiEAWBaai 


Vickers  H.N.  : _ 

Specimen  ■  8^X12 


Apparat  us  ^  Cam— Plastometer _ _ 

Measured  by  Y.Yabuki,  Y.Ichihara,  S.Nakajima 


0.2% 

Carbon  Steel 


Natural  Strain  (e) 


Conventional  Strain  (e) 

Fig.  4*26  Flow  Stress-Strain  Curves  of  0. 2% C-Steel.  Temperature  Range:  800~1200°C,  Strain  Rate 
Range:  0.3~10sec-1.  : 
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Fig.  4-33  Flow  Stress-Strain  Curves  of  High  Strength  Steel-II.  Temperature  Range:  800'^1200oC1 
Strain  Rate  Range :  0. 3~10  sec-1. 
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Natural  Strain  (e) 


0  0*1  0.2  0.3  0.4  0.5  0  0-1  0-2  0.3  0.4  0.5  0.55 


Conventional  Strain  (e) 

Fig.  4*34  Flow  Stress-Strain  Curves  of  High  Strength  Steel-HI  Temperature  Range:  800-4200°C, 
Strain  Rate  Range :  0. 3^10  sec'1. 
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kg/mm2 


Natural  Strain  (e) 


Conventional  Strain  (e) 

Fig.  4*35  Flow  Stress-Strain  Curves  of  High  Strength  Steel-IV.  Temperature  Range:  800~1200°C, 
Strain  Rate  Range:  0.3^10 sec-1. 
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I - 1 _ I _ I _ I _ I _ I _ I _ I _ _J _ I _ - _ ! _ _ I 

0  0.1  0.2  0.3  0.4  0.5  0  0.1  0.2  0.3  0.4  0.5  0.55 

Conventional  Strain  (e) 

Fig.  4*36  Flow  Stress-Strain  Curves  of  High  Strength  Steel-V.  Temperature  Range:  800~1200°C, 
Strain  Rate  Range:  0. 3~10sec-1. 
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Natural  Strain  (e) 


Conventional  Strain  (e) 


Fig.  4*37  Flow  Stress-Strain  Curves  of  High  Strength  Steel-VI.  Temperature  Range:  800^1200*0, 
Strain  Rate  Range :  0. 3~10  sec"1. 
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Natural  Strain  (e) 

I - 1 - 1 _ I _ I _ I _ I 

0  0.1  0.2  0.3  0.4  0.5  0.55 

Conventional  Strain  (e) 


Fig.  4»40  Flow  Stress-Strain  Curves  of  Low  Alloy 
Steel-3.  Temperature  Range :  800— 1200°C, 
Strain  Rate  Range :  3. 5—30  sec**1. 


Conventional  Strain  (e) 


•  Fig.  4*41  Flow  Stress-Strain  Curves  of  Low  Alloy 
Steel-4.  Temperature  Range :  800— 1200°C, 
Strain  Rate  Range :  3. 5—10  sec-1. 
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Conventional  Strain  (e)  Conventional  Strain  (e) 


Pig.  4»46  Flow  Stress-Strain  Curves  of  Low  Alloy  Fig.  4-47  Flow  Stress-Strain  Curves  of  Low  Alloy 
.  •  Steel-9.  Temperature  Range:  800—  1200°C,  Steel-10.  Temperature  Range:  800— 

Strain  Rate  Range :  3. 5—30  sec"1.  1200°C  seer1,  Strain  Rate  Range :  3. 5—30 

sec-1. 
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Conventional  Strain  (el 


Fig.  4*54  Flow  Stress-Strain  Curves  of  1%  Cr-0. 5%  Mo  Low  Alloy  Steel.  Temperature  Range: 
800— 1200°C,  Strain  Rate  Range:  0. 8—100 sec-1. 
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Fig.  4-56  Flow  Stress-Strain  Curves  of  12%  Cr-12%  Ni  Stainless  Steel.  Temperature  Range:  800^1200°C, 
'  Strain  Rate  Range:  0.8^100 sec-1. 
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Fig.  4-57  Flow  Stress-Strain  Curves  of  12%  Cr-15%  Ni  Stainless  Steel.  Temperature  Range :  800~1200°C 
Strain  Rate  Range:  0. 8-^100 sec-1. 
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Natural  Strain  (e) 
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0  0.1  0.2  0.3  0.4  0.5  0  0.1  0.2  0.3  0.4  0.5  0  0.1  0.2  0.3  0.4  0.5  0.55 

Conventional  Strain  (e) 

Fig.  4*58  Flow  Stress-Strain  Curves  of  13% Cr  Stainless  Steel.  Temperature  Range:  800~1200°C, 
Strain  Rate  Range:  0. 8^100 sec-1. 
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Conventional  Strain  (e) 


Figr.  4*59  Flow  Stress-Strain  Curves  of  13%  Cr-Mo  Stainless  Steel.  Temperature  Range :  800~1200°C, 
Strain  Rate  Range:  0. 2^100  sec-1. 


SUZUKI,  ET  AL.— STUDIES  ON  THE  FLOW  STRESS  OF  METALS  AND  ALLOYS 


REPORT  OF  THE  INSTITUTE  OF  INDUSTRIAL  SCIENCE,  THE  UNIVERSITY  OF  TOKYO 
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Conventional  Strain  (e) 


jFig.  4*61  Flow  Stress-Strain  Curves  of  17%  Cr-5%  Ni-5%  Mo-Ti  Stainless  Steel.  Temperature  Range 
800~120Q°C,  Strain  Rate  Range :  0. 8~  100  sec-1.  ,  ... 
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-  0  0.1  0.2  0.3  0.4  0.5  0  0.1  0.2  0.3  0.4  0.5  0  0.1  0.2  0.3  0.4  0.5  0.5,5 

Conventional  Strain  (e) 

Fig.  4*62  Flow  Stress-Strain  Curves  of  17% Cr-7% Ni-Mo-Al  Stainless  Steel.  Temperature  Range: 
800~1200°C,- Strain  Rate  Range:  0. 8~  100 sec1. 


9a 


SUZUKI,  ET  AL.— STUDIES  ON  THE  FLOW  STRESS  OF  METALS  AND  ALLOYS 


237 


kg/mm2 


to 

* 

o 

E 


0‘C 

527sec  1 

r . 

.  . 

V. 

§■51  ,  ■ 

v 

MH 

4 

°C  c,2l*eC 

■ 

n 

f 

600  ”C 

f 

_ 1 _ 

_ 1 _ 

c 

Si 

Mn- 

P 

S 

Cr 

Ni 

0.07 

0.71 

1.07 

0.03 

0.005 

18.34 

9.56 

Hot  Rolled-* Annealed 

Vickers  H.N.  i 

Specimen  • 

15^X22.5 

Apparatus 

Drop-Hammer 

(Measured  by  S.Hashizume  ] 

18%  Cr- 

8%Ni 

Stainless 

Steel 

kg/mm 


0.2 


0.4 


Natural  Strain  (e) 


I _ L 


L_ 


0.1  0.2  0.3  0.4  0  0.1  0.2 

Conventional  Strain  ( e) 


0.3 


J _ I 


0.4 


Fig.  4*67  Flow  Stress-Strain  Curves  of  18% Cr-8% Ni  Stainless  Steel.  Temperature  Range:  0— 1200°C, 
Strain  Rate  Range :  197—527  sec*1. 
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Fig.  4*68  Flow  Stress-Strain  Curves  of  18%  Cr-12%  Ni-Mo  Stainless  Steel.  Temperature  Range : 
800— 1200°C,  Strain  Rate  Range :  0. 8—100  sec-1. 


100 


REPORT  OF  THE  INSTITUTE  OF  INDUSTRIAL  SCIENCE,  THE  UNIVERSITY  OF  TOKYO 


%  18  m  %  3 

a  #  ®u7-t 

IB?D  43  2  £  24  H  ft  ®| 

08^43^3^20  §£  ff 


mm 

7-22-1 

mm 

H  *  W  &1W  s  6  -tt 

SCS^IHKSBlFS  5-9-8 

Published  at  Irregular  Intervals  by  the  Institute  of  Industrial  Science, 
The  University  of  Tokyo,  7-22-1,  Roppongi,  Minato-ku,  Tokyo  Japan 


REPORTS  ALREADY  PUBLISHED 

Vol.  14 

i.  1  Yoshikatsu  TSUBOI :  Theory  and  Applications  of  Shallow  Spherical  Shells .  March,  1964 

>.  2  Shunzo  Okamoto,  Noboru  Yoshida,  Katsuyuki  Kato  and  Motohiko  HakunO:  Dynamic  Behavior  of  an 

Arch  Dam  during  Earthquakes  (In  English).  .  December,  1964 

>.  3  Atsushi  Watari  :  Research  on  the  Motion  of  Automobiles,  •  July,  1965 

).  4  Yoichi  FojII :  Studies  on  Electron  Beam  Noise  (In  English).  August,  1965 

>.  5  Shahei  Inoxuti:  Considerations  Hydrauliques  sur  la  Formation  des  Bancs  Obliques  dans  le  Lit  de 

Cours  d  Eau  Alluvionnaire,  October,  1965 


Hisayoshi  Sato:  A  Study  on  Aseismic  Design  of  Machine  Structure . 

Yoshikatsu  Tsuboi  and  Mamoru  Kawaguchi  :  Design  Problems  of  a  Suspenion  Roof  Structure- Tokyo 
Olympic  Swimming  Pools  (In  English). 

Teiich  HommA:  The  Influence  of  the  Microscopic  and  Macroscopic  Structures  of  Oxides  upon  the 
Oxidation  Mechanism  of  Metals, 

Takakazu  Maruyasu,  Kazusuko  Kobayashi  and  Yoshifumi  Sakamoto:  Studies  on  Portland  Blast  Furnace 
Slag  Cement  concrete. 


November,  1965 


November,  1965 


December,  1965 


February,  1966 


Yoshio  Nagai  :  Studies  on  Syntheses  of  Aromatic  Polycyclic  Compounds.  March,  1966 

Masahisa  MatSUNAGA:  Fundamental  Studies  on  Lapping  (In  English).  June,  1966 

Takakazu  Maruyasu  and  D. G.T.  Rees:  Movements  of  Bed-Sediment  in  Mountain  Rivers  (In  English).  August,  1966 

Shunzo  Okamoto,  Choshiro  Tamura,  Katsuyuki  Kato  and  Michiko  Otawa  :  Dynamic  Behavior  of  Earth 

Dam  during  Earthquakes  (In  English).  October,  1966 


Tadashi  YamaSHITA  and  Masahiro  Mori  :  Fundamental  Approaches  to  Control  of  Powder  Flows.  •  November,  1966 

Toshimitsu  Asakura  :  Effect  of  Amplitude  Filters  on  the  Diffraction  Image  and  the  Marshal's  Aber¬ 
ration  Tolerance  Conditions  (In  English).  December,  1966 

Shinichi  KlKUCHl :  Study  on  the  Photographic  Fog  Inhibitors  especially  by  means  of  Silver  Potentio- 

metric  Titration.  January,  1967 

Masahisa  Matsunaga  and  Yoshiaki  Hagiuda  :  Researches  on  Barrel  Finishing  (In  English).  February,  1967 

Shuhei  AlDA:  Theory  and  Applications  of  IMICTRON:  A  Control  Element  having  Mechanisms  of 

a  Living  Neuron  (In  English).  "March,  1967 

Shin  Tamiya:  On  Ship  Experiment  Tank  with  Wind  Tunnel .  March,  1967 

Osamu  Hirao,  Eitchi  KlKUCHl  and  Naoyuki  Yamada:  Improvement  of  Handling  Characteristics  of  the 

Vehicle  as  a  Man-Machine  System  (In  English).  May,  1967 


No.  1  Tomo-o  ISHIHARA,  Richard  I.  Emori  and  Haruhiko  SAITO:  Non-Steady  Characteristics  of  Hydroaynamic 

Transmission  (In  English)  October,  1967 

No.  2  Tadaaki  Tani  and  Sin-ichi  KlKUCHr:  Spectral  Sensitization  in  Photography  and  Electrophotography  February,  1968 


—Complete  list  is  inserted  in  the  last  number  of  each  volume — 


